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INTRODUCTION 

In  the  past  7 years  more  than  45  papers  have  been  published  on  the  theory  and 
application  of  edge-guided  waves  (EGW).*  During  this  period,  EGW  multi-octave  isolators 
[1-4],  circulators  [5-6],  phase  shifters  [7],  and  distributed  amplifiers  [8]  were  con- 
structed and  used  in  operational  systems. 

Edge-guided  waves  are  electromagnetic  waves  guided  by  the  RF  conductor  edge  of  a 
ferrite  stripline  or  microstrip  circuit  magnetized  perpendicularly  to  the  ground  plane 
[2,9].  In  the  case  of  a rectilinear  edge,  EGWs  are  associated  with  a strong  nonreciprocal 
transverse  field  displacement  effect  (TFDE)  [2,3,8,10,11]. 

Edge-guided  wave  propagation  characteristics,  like  many  other  propagation  phenom- 
ena, are  best  studied  on  the  basis  of  their  dispersion  diagrams.  However,  when  EGWs 
became  of  interest  in  1970,  no  such  diagrams  were  available  in  the  literature  even  for  the 
simplest  related  surface-wave  structures,  such  as  a slab  of  ferrite  or  a ferrite-air  interface. 

To  the  author’s  knowledge,  it  was  only  in  1971  [10]  that  the  dispersion  curves  of 
surface-wave  propagation  along  a ferrite-air  interface  were  published  and  the  opposite 
sense  of  phase  propagation  of  magnetostatic  and  magnetodynamic  waves  was  recognized. 
Furthermore,  not  until  1973  [12]  was  the  complete  set  of  dispersion  curves  calculated 
for  a ferrite  slab  in  vacuum  and  the  existence  regions  of  the  various  possible  modes  studied 
in  detail. 

The  reason  for  the  dearth  of  information  on  the  propagation  aspects  of  the  non- 
reciprocal TFDE  was  probably  that  such  information  was  not  needed  to  design  practical 
TFDE  devices.  For  EGW  devices,  on  the  other  hand,  the  situation  was  completely 
different:  from  the  very  beginning,  it  was  evident  that  a good  EGW  isolator  or  circulator 
could  not  possibly  have  been  built  without  knowledge  of  the  broadband  propagation 
characteristics  of  EGWs,  edong  both  rectilinear  and  curved  edges. 

Most  of  the  EGW  research  in  the  past  5 years  [13]  has  therefore  dealt  with  propaga- 
tion aspects  of  the  TFDE  in  various  structures.  This  report  brings  together  the  results  of 
theoretical  work  on  EGW  propagation  that  had  been  scattered  over  a vast  body  of 
literature;  it  also  presents  some  unpublished  results  obtained  by  the  author  and  his  co- 
workers. The  material  is  presented  in  a plain  fashion  and  with  the  aim  of  striking  a good 
balance  between  the  physical  aspects  of  the  phenomena  and  their  mathematical  trestment. 

•There  is  a general  bibliography  at  the  end  of  this  report. 

Manuscript  received  July  13,  1977. 

Dr.  de  Santis  is  a consultant  in  microwave  magnetics  at  NRL.  His  permanent  affiliation  is  with  the  Faculty 
of  Engineering,  Electrical  Engineering  Department,  Institute  of  Electrotechnics,  Via  Claudio  21,  Naples, 

Italy. 
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This  report  is  divided  into  eiftht  sections.  The  first  two  focus  on  some  basic  con- 
cepts, such  as  the  partially  mat>neti/('d  state  of  the  ferrite  substrate  and  the  higher  order 
mode  propagation  that  may  exist  in  conjunction  w'ith  KfiW  jiropagation.  Both  subjects 
are  relevant  in  the  construction  of  low-loss,  unimodal  K(1W  devices. 

Sections  3 and  4 deal  with  calculation  of  the  dispersion  diagrams  relative  to  uni- 
directional waves,  as  well  as  TKDK  modes  in  various  geometries.  This  background  pro- 
vides the  basis  for  understanding  KGVV  propagation  in  rectilini'ar  circuits.  Particular 
attention  is  given  to  efh'cts  of  the  “impedance'’  boundary  conditions  and  of  magnetic 
losses.  Both  effects  impose  the  most  important  limitations  on  the  achievement  of  broad- 
band FXJVV  devices. 

The  fifth  section  compares  the  propagation  characteristics  of  magnetostatic  and 
magnetodynamic  waves. 

The  sixth,  .seventh,  and  eighth  .sections  focus  on  the  broadbanding  of  PXJWs  by 
dielectric  loading  of  the  guiding  edge,  on  KCAV  propagation  along  circular  boundaries,  and 
on  the  effect  of  fringing  fields  in  KGW  microwave  integrated  circuits  (MlCs). 

The  last  two  sections  are  of  relevance  in  understanding  the  performance  of  KGVV 
circulators  in  the  MIC  version. 

A number  of  problems  remain  open  for  future  research  in  the  KGW  area.  Some  of 
the  most  important  of  them  are 

1.  Relationship  between  MIC  broadband  junction  circulators  and  EGW  circulators 

2.  The  EGW  propagation  in  inhomogeneous  magnetic  biases 

3.  Millimeter-wave  EGW  propagation. 


PARTIALLY  MAGNETIZED  FERRITES  SUBJECT 
TO  MAGNETIC  LOSSES 

Although  most  microwave  scientists  are  already  familiar  with  the  m tensor  charac- 
terization of  ferrites,  we  believe  that  it  is  worthwhile  recalling  a number  of  points.  The 
algebraic  sign  convention  for  ju  entries,  for  the  behavior  of  as  a function  of  the  applied 
DC  magnetic  field  in  the  partially  magnetized  state,  and  for  the  introduction  of  the 
ferromagnetic  resonance  linewidth  are  perhaps  the  most  important  subjects  dealt  with  in 
this  section. 

The  algebraic  sign  of  the  off-diagonal  components  of  /u  is  of  great  imfiortance 
because  it  affects  many  nonreciprocal  phenomena  that  occur  in  magnetized  ferrites.  More 
specifically,  in  ferrite  structures  magnetized  perpendicularly  to  the  direction  of  propaga- 
tion, the  sense  of  the  nonreciprocal  TFDE  depends  on  such  an  algebraic  sign.  Therefore, 
it  helps  to  state  from  the  very  beginning  the  sign  convention  used  throughout  this  report. 


2 


( 

t 

I 

! 


NRL  REPORT  8158 


Here  we  adopt  the  sign  convention  introduced  by  D.  M.  Bolle  and  L.  Lewin  [14]. 
According  to  this  convention,  a ferrite  medium,  saturated  along  the  coordinate  z-axis  by 
a DC  magnetic  field  Hq,  is  characterized  by  magnetic  permeability  PoM*  given  by  [15] 


(Ml  ->M2  o' 

;M2  Ml  0 

0 0 Mgy 

with  Po,  the  magnetic  permeability  of  vacuum,  and,  in  the  absence  of  magnetic  losses, 

Cj2  - (oj2  + 


(1) 


Ml  = 


CO 


2 _ 


(2) 


cot 


coco,. 


M2 


CO 


2 _ 


(3) 


cot 


M3  = 1. 


(4) 


where  co  is  the  operation  radian  frequency  that  appears  in  the  time  dependence  expOcot) 
of  all  the  field  quantities,  coq  = jHq,  y = 2.8  (MHz/Oe)  is  the  gyromagnetic  ratio,  and 
co^  = yAirMg  is  the  saturation  magnetization.  The  tensor  in  Eq.  (1),  that  refers  to  an 
unbounded  ferrite  medium  saturated  along  the  z-axis  is  sometimes  referred  to  as  Polder’s 
tensor.  The  saturation  phenomenon  is  represented  by  the  fact  that  Pg  = 1.  If  the  ferrite 
is  not  magnetized  to  saturation,  some  domain  structure  is  still  present  within  it.  Under 
these  circumstances,  the  p tensor  retains  the  form  in  Eq.  (1)  but  different  expressions 
must  be  used  for  its  entries.  They  were  calculated  by  J.  Green  and  coworkers  [16]  to  be 


/ 47rMY^^ 

Mi  ~ Mdrm  1 " Mdem  ) j 

(5) 

y4TTM 

^2=  CO  ’ 

(6) 

M3=^Mdetn) 

(7) 

- i 2 

^(lom  3 ^ 3 

-&r 

1/2 

1 

(8) 

and  471.1/  is  the  average  magnetization  of  the  ferrite. 


In  the  following,  this  tensor  is  indicated  by  Ppp^  where  PM  stands  for  partially 
magnetized.  Cnfortunately,  in  a planar  circuit,  47rM  cannot  be  measured  so  easily  as  the 
applied  magnetic  field  //q.  In  fact,  it  is  usually  measured  by  ballistic  techniques.  There- 
fore, an  analytical  relation  between  Hq  and  47rA/  is  of  great  utility.  Obviously,  this  rela- 
tion should  vary  from  ferrite  to  ferrite  because  it  depends  on  the  shape  of  the  hysteresis 
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One  nice  feature  of  the  choice  Hq  = 4nM  is  that  if  one  crosses  the  Hq  - 47rM§ 
boundary  moving  from  the  saturated  state  (H,  Hq>  inMg)  toward  the  unsaturated 
state  (Hq  < 4nMg)  the  Polder  tensor  fig  transforms  smoothly  into  the  tensor.  In 
fact,  when  Hq  = 47rAfg,  47rM  = 4-nMg  and  jUp^  reduces  to  Eq.  (12). 

So  far  we  have  not  discussed  the  limits  of  validity  of  the  lossless  model.  For  the 
/ipM  tensor,  one  readily  recognizes  from  Eq.  (8)  that  Mjem  when  co  > . For 

CO  < , MPM  becomes  a complex  quantity  and  correctly  represents  a physical  situation 

characterized  by  the  so-called  “low-field”  losses. 

The  low-field  losses  are  related  to  the  existence  of  the  domain  structure  within  the 
ferrite  [18]  and  are  different  from  the  “magnetic”  losses  of  the  saturated  ferrite,  which 
are  associated  with  damping  of  the  precessional  motion  of  the  electron  spins.  These 
magnetic  losses  may  be  taken  into  account  by  a suitable  parameter  AH,  the  ferromagnetic 
resonance  linewidth,  which  can  be  introduced  into  the  p tensor  by  substituting  for  cjq  the 
complex  quantity  Wq  + jy  AH/2.  Typically  for  polycrystalline  YIG  AH  is  25  Oe,  and, 
for  YIG  single  crystals,  AH  goes  down  as  low  as  a few  tenths  of  an  oersted. 

To  show  at  which  values  of  cj  and  Hq  low-field  losses  and  magnetic  losses  are 
encountered  in  a practical  ferrite  MIC  circuit,  we  have  shown  in  Fig.  2 the  experimental 
mode  charts  (Hq  vs  to)  of  a 3-cm  MIC  disk  resonator  deposited  on  a YIG  substrate  0.6-mm 
thick,  magnetized  perpendicularly  to  the  ground  plane.  The  results  reported  in  this 
figure  were  obtained  by  the  author  from  observations  of  the  transmission  frequency 
spectrum  of  the  resonator  at  fixed  values  of  Hq  . The  shaded  regions  indicate  that  for 
those  particular  values  of  Hq  and  cj  the  resonances  were  damped  by  some  loss  mechanism 
and  could  not  be  measured.  From  this  chart,  it  is  apparent  that  low-field  losses  are 


Fig.  2 — Mode  chart  of  a ferrite  MIC  disk  resonator 
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localized  in  the  //q  < 47rA/j,  co  < yAuMg  region,  while  magnetic  losses  are  localized  in  the 
vicinity  of  points  where  the  effective  magnetic  permeability  Meff  = (Mj  - of  the 

substrate  becomes  exceedingly  large  (infinite  in  the  lossless  case). 

In  what  follows,  extensive  use  is  made  of  Brillouin  diagrams,  i.e.,  cu  vs  wavenumber 
diagrams,  with  cjq,  cj^,  and  fixed.  In  conjunction  with  that,  it  is  helpful  to  know 
the  behavior  of  M ets  a function  of  frequency,  other  quantities  being  fixed. 

Figure  3 shows  the  frequency  dependence  of  Mj,  1^2  ^nd  of  such  characteristic 
quantities  as  Meff  and  M2/M4  for  a numerical  case  which  is  typical  of  EGW  propagation  at 
X-band  frequencies.  It  refers  to  a YIG  (47rAfs  = 1780  Oe)  slab,  magnetized  perpendicularly 
to  its  faces  (JV^  = 1)  by  an  external  DC  magnetic  field  //q  = 3780  Oe  (//,  = 2000  Oe). 

In  Fig.  3 in  addition  to  the  numerical  results,  the  analytical  expressions  of  the  zeros  and 
infinities  of  the  various  quantities  have  been  providcni.  This  information  allows  one  to 
anticipate  the  qualitative  behavior  of  the  curves  should  either  ojq  or  w„,  be  changed. 

Note  that  Wg  in  Fig.  3 is  equal  to  (7//,,  i.e.,  7(Wo  - 47rAf<;).  Therefore  in  terms  of 
external  DC  magnetic  field  Hq,  the  characteristic  frequencies  become 

= 7(Wo  - 47rM.,),  (13) 

=7(^0 (14) 

^c'y^O-  (I'"’) 

From  Fig.  3 one  sees  that  Beff  < 0 for  (cJq  + CiJqCJ,„  )'(^  < cu  < cJq  + . Most  of 

the  phenomena  of  interest  occur  at  frequencies  either  within  or  in  the  vicinity  of  this 
frequency  band. 
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ELECTROMAGNETIC  WAVE  PROPAGATION 
IN  AN  UNBOUNDED  FERRITE 

Dispersion  Diagrams  for  z-Independent  Fields 

The  Maxwell’s  equations  for  a time  harmonic  expC/wl)  electromagnetic  field 
propagating  in  the  ferrite  medium  described  in  the  first  section  are 

V X ft  =>cjeoer  e,  (16) 

V X e = -/wpoP  ' !}■  (17) 

If  an  X,  y,  z rectangular  system  of  coordinates  is  introduced,  and  if  it  is  assumed 
that  IJq  = I^Hq  together  with  a traveling  wave  dependence  along  the  y-axis  of  the  type 
exp(- y/J^y),  then  (Eqs.  (16)  and  (17)  in  component  form  read 


bhy 

= yu)eoe^e^. 

(18) 

9ft_j  9ft^ 

3jC  02 

= jojeQ€rey, 

(19) 

bhy 

dx 

= )weoe^e^. 

(20) 

de 

“ 17 

(21) 

0e^  de^ 

0X  02 

(22) 

dey 

■97 

(23) 

From  this  system  of  equations  one  recognizes  that  in  the  special  case  of  a 
z-independent  electromagnetic  field;  i.e.  3[  ] /92  = 0,  is  a function  of  only  ft^  and  hy 
and  dually  ft^  is  a function  of  only  and  e^.  This  is  equivalent  to  saying  that,  under 
those  circumstances,  two  independent  three-equation  systems  exist:  one  made  up  by 
Eqs.  (18),  (19),  and  (23)  and  the  other  by  Eqs.  (20),  (21),  and  (22).  From  a physical 
point  of  view,  this  means  that  pure  TM^  = (e^,  h^,  hy)  and  TE^  = (h^,  Cy)  modes 
exist.  However,  the  p tensor  components  enter  only  the  equations  representative  of  the 
TM^  mode;  i.e.,  only  the  TM^  modes  are  affected  by  the  magnetic  anisotropy  of  the 
medium.  In  studying  these  modes,  it  is  convenient  to  regard  as  a scalar  potential  that 
satisfies  a wave  equation  and  from  which  ft^^  and  hy  may  be  derived.  To  do  that,  one 
can  rewrite  Eqs.  (21)  and  (22)  as  follows: 
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to  get 


<-JMoMofr  /J,  dxj 

-j  /Dc^  /i., 

^ 

\ Aij  ■ 


which  substituted  into  Fiq.  (20)  yield  the  following  wave  equation  for  e^: 


— - =0. 
dx^ 


(24) 


(25) 


(26) 


(27) 


A traveling  wave  solution  of  Eq.  (27)  is 

e^(.v)  ^ exp(-jl5^.x) 

with 

(^o^w^Cq/Jo-  (28) 

The  corresponding  Brillouin  diagram  is  shown  in  Fig.  4.  It  indicates  the  frequency 
bands  where  unattenuated  propagation  may  occur.  It  also  indicates  that  in  the  lower 
passband  for  cu  close  to  = (uIq  phase  velocity  oj/)3  may  attain  very  low 

values  because  (J  becomes  exceedingly  large.  At  this  point,  one  should  be  very  careful  in 
accepting  the  validity  of  the  classical,  lossless  electrodynamic  model  for  the  ferrite 
medium.  It  happens,  in  fact,  that  if  magnetic  losses  arc  introduced  into  the  analysis  the 
numerical  value  of  (}  is  heavily  affected  by  these  losses  just  for  oj  — oj/, . In  other  words, 
if  magnetic  losses  are  present,  (3  = |3'  + ;j3”,  with  (3'  < o°  at  co  = (see  Fig.  3).  If  one 
is  dealing  with  a very  good  ferrite  material  with  very  low  magnetic  losses  (e.g.,  a single 
crystal),  other  phenomena  may  set  in  to  limit  the  numerical  value  of  |3  at  cu^.  Inter- 
action with  elastic  waves  supported  by  the  crystal  reticle  or  with  exchange  waves  sup- 
ported by  the  electron  spin  system  may  be  two  such  phenomena. 
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LOSSY  FERRITE 

Fi^.  4 — Dispersion  diagram  for  TM-  modes  in  an  unbounded 
ferrite  with  and  without  magnetic  losses 


Mode  Coupling  for  z-Dependent  Fields 

So  far  we  have  considered  z-independent  fields.  In  practice,  they  may  exist  in  a 
parallel  plate  waveguide  completely  filled  with  ferrite.  If  the  plate  separation  is  smaller 
than  a critical  value,  the  higher  order  modes  are  cut  off  and  the  z-independent  modes  are 
the  only  ones  to  propagate.  A quantitative  evaluation  of  such  a critical  value  is  there- 
fore of  great  practical  importance.  Theoretically,  it  implies  the  solution  of  the  associated 
boundary  value  problem  and  the  calculation  of  the  lowest  cutoff  frequency  of  the 
z-dependent  modes. 

In  this  section,  we  shall  not  solve  any  boundary  value  problem.  This  will  be  done  in 
the  fourth  section.  Here,  we  concentrate  on  the  structure  of  a z-dependent  electro- 
magnetic (EM)  field  in  an  unbounded  ferrite  and  demonstrate  that  it  is  possible  to  extract 
considerable  information  from  Maxwell’s  equations  before  imposing  any  boundary  con- 
ditions. In  particular,  it  will  be  demonstrated  that  in  case  of  z-dependence  — 

1.  The  electromagnetic  field  cannot  be  separated  in  TM^  and  TE^  fields. 

2.  All  the  electromagnetic  field  components  may  be  derived  from  two  scalar 

potentials:  and  h^. 

3.  The  potentials  and  satisfy  two  coupled  wave  equations. 

4.  A con.sequence  of  the  “coupling”  is  that  for  one  value  of  the  wavenumbe  along 
the  z-axis,  e.g.,  two  values  exist  for  the  wavenumber  transverse  to  the  z-axis. 
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5.  For  each  value  of  the  transverse  wavenumber  (eigenvalue),  there  exists  a “partial” 
field  (eigenfunction).  Both  and  are  expressed  as  a superposition  of  two  partial 
fields. 

6.  Stationary  solutions  are  possible  along  the  z-axis. 

To  investigate  the  structure  of  the  electromagnetic  field,  we  find  it  convenient  to 
begin  by  separating  both  the  e and  h fields  into  transversal  and  longitudinal  components 
with  respect  to  the  z-direction,  as  follows: 

e = 

h~ht  ^ 

Here  subscript  t indicates  that  the  vector  lies  in  a plane  perpendicular  to  the  z-direction. 
Furthermore,  let 

(31) 

= *5,  (32) 

with 


• h,  = +jlJi2Lz  ^ hf  (^3) 

Let  us  now  write  Maxwell’s  equations  in  terms  of  their  longitudinal  and  transversal 
components.  To  do  that,  let  us  cross  and  dot-multiply  into  Eqs.  (16)  and  (17)  to 
obtain 


= jojeoe^c^. 

(34) 

(35) 

= ;weoe,(^  X e„ 

(36) 

V,ez 

(37) 

Equations  (36)  and  (37)  and  the  same  equations  cross-multiplied  by  yield  a rela- 
tion between  the  transversal  and  the  longitudinal  components  of  e and  h,  which  can  be 
suitably  cast  in  matrix  form  as  follows: 


f -i&z 

0 


(38) 
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Inversion  of  the  4X4  matrix  yields  the  transversal  components  in  terms  of  the 
longitudinal  ones: 


/"»d 

mi 

m2 

m3 

' 

"’d 

^4 

m2 

- rrin 

\ 

-m3 

"«d 

mi 

V'”4 

-m2 

"»5 

">d, 

I 


where 

mj  = A'^i-  u>iJtQfi2^^), 

^2  = A-^(-j0^€rH2), 

^4  = A-^[;cjeoer(/3f 

mg  = A-ifcjeo/S^e^pg), 

A = IJj  -2<32^2g^Pl  +/34e2pjMeff 

To  find  the  two  coupled  wave  equations  for  and  h^,  one  has  to  take  the  trans- 
versal divergence  of  Eqs.  (36)  and  (37),  and  then  use  divergence  equations 

(4( 

+7M2V/  'Lz  ^ -iH^z^z  " 0,  (4] 

in  conjunction  with  Eqs.  (34),  (35),  and  (38).  As  a result,  the  following  system  of  two 
coupled  wave  equations  is  obtained: 


where 


/^o^rMeff  - i y/3^WMoP3 

-;/3,weoe,  —■ 


T T 

Ml  M2 


T T 
Ml  : 22 
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Note  that  Eq.  42  can  be  regarded  as  a system  of  two  wave  equations  coupled  together 
by  the  off-diagonal  terms  of  matrix  T. 

If  T is  diagonalized,  Eq.  (42)  reduces  to  two  independent  second-order  differential 
equations  that  can  be  solved  in  the  same  manner  as  for  the  isotropic  case.  In  general,  it 
is  not  possible  to  diagonalize  a matrix  with  complex  elements.  For  the  moment,  let  us 
therefore  limit  ourselves  to  the  lossless  case  so  that  the  elements  of  T are  either  real  or 
imaginary.  Under  these  circumstances,  diagonalization  of  T can  be  achieved  by  perform- 
ing a similarity  transformation  using  a nonsingular,  space-invariant  matrix  operator  P , 
such  that 


(44) 


so  that  Eq.  (42)  becomes 


j <f>\\ 

(Vfl  + R'^  • T • R)  =0. 

\02/ 


(45) 


if 


It  is  now  required  that  2 satisfy  two  uncoupled  wave  equations.  This  is  possible 


R-i  • T • R = T, 


where  r is  diagonal  matrix 


r = 


't\  0 

0 i. 


Let  us  rewrite  the  condition  of  Eq.  (46)  as 

T • R = T • T 

or,  in  explicit  form. 


(46) 


(47) 


(48) 


(49) 


(50) 


r 


I 

1 
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From  Eqs.  (49)  and  (50),  it  is  apparent  that  Tj  g the  eigenvalues  of  the  matrix; 
i.e.,  they  are  the  roots  of  the  determinant  equation  ’ 

(Tii-T2)(T22-T2)-Ti2r2i=0.  (51) 

Furthermore,  from  Eq.  (49),  one  finds 


while,  from  Eq.  (50), 


(1^22  ~ ^2^12 


(52) 

(53) 

(54) 

(55) 


Therefore,  matrix  R,  which  diagonalizes  matrix  T,  is  given  by 

R _/«„  \ 

^2^12/ 


(56) 


where  and  R12  are  two  arbitrary  quantities.  In  the  literature,  various  choices  exist 
for  these  two  quantities.  Perhaps  the  most  used  are 

1.  R^i  = = 1 

2.  = rj,  Ri2  ~ rl- 

With  the  first  choice,  scalar  potentials  and  are  given  by 


r = 01  + 02 
\h^  = ^101  + h2<t>2 


where  “partial  fields”  0^  and  02  satisfy  the  uncoupled  wave  equations 

f V,^0i  + t20j  = 0 

1 v202+t202=O 


(57) 


(58) 
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with  Tj  ^ defined  by  Kq.  (51),  i.e.,  via  Kq.  (43); 


2rf  2=-Pf  (1 


Ml 


+ + 1) 


+ 


+ Po^r(^^efr  - 1) 


(59) 


Note  Uiat  <f>i  and  02>  ^^en  though  they  are  functions  of  eigenvalues  Tj  and  T2,  do  not 
represent  the  “modes”  of  a particular  z-dependent  boundary  value  problem.  In  fact,  the 
boundary  conditions  appropriate  to  a particular  boundary  value  problem  are  imposed  on 
and  satisfied  by  the  “total”  EM  field  components.  Functions  0j  and  <l>2  do  not  individ- 
ually satisfy  such  boundary  conditions. 


For  a given  set  of  values  of  u),  oug,  e^,  it  is  enlightening  to  plot  Eq.  (59)  as  a 
curve  on  a vs  r coordinate  plane.  Figures  5a  and  5b  refer  to  the  ferrite  medium 
described  in  Fig.  3.  The  operation  frequency  is  cu  = 4 GHz  > 0)  and  9 GHz 
(Meff  < 0),  respectively.  A normalization  to  |3oV^  has  been  used.  In  Fig.  5b  the  squared 
wavenumbers  plotted  as  may  assume  negative  values.  It  will  be  proven  later  in  this 
paragraph  that  < 0 is  a sufficient  condition  for  0,  to  be  a nonoscillatory  function  of 
transverse  coordinate  x.  Obviously,  the  shape  of  these  curves  depends  on  the  numerical 
v£ilues  of  /i]  and  /Jo. 

From  Fig.  5 it  is  apparent  that,  for  a given  value  of  (1^,  two  values  of  t exist  which 
may  both  be  real,  one  real  and  the  other  imaginary,  or  both  imaginary.  The  numerical 
value  of  J3^  is  fixed  by  the  boundary  conditions  along  the  z-axis.  Once  and  T2  are 
found,  a relation  between  transversal  wavenumbers  |3^i  and  (3^2  found.  In  fact,  referr- 
ing to  a rectangular  system  of  coordinates  and  assuming  that 


and 


from  Eq.  (56)  one  finds 


Hence, 


0,(X,  y)  ^ exp;(i3jf]X  + PyV), 

(60) 

(t>2{x,  y)  = exp >((3^2^  +/3yy). 

(61) 

(62) 

(63) 

(64) 

The  other  relation  necessary  to  determine  and  obtained  by  imposing  the 

boundary  conditions  along  the  x-axis.  In  general,  these  boundary  conditions  are  imposed 
on  the  2 and  y (tangential)  components  of  the  electric  and  magnetic  field;  e.g.,  or 

f^y/h^  are  forced  to  be  equal  to  some  sort  of  “impressed”  impedance.  Therefore,  it  is 
useful  to  derive  the  y components  of  the  electromagnetic  field  from  and  using  Eq. 
(39).  A straightforward  application  of  this  formula  yields 
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mi-0.43 

M2*0'9 

m,h--1.42 


Fig.  5 - 0,  vs  T curves  (a)  for  > 0 and  (b)  (or  < 0. 
The  caret  ' indicates  normalization  to  Po  \/^  • 


de. 


bh. 


be. 


bh^ 


= 17  a> 


^2  U ^"*3  . 


de. 


bh^  be,  bh. 


(6E 

(6€ 


where  e^  and  are  defined  by  Eqs.  (57)  and  (58). 

e,  = [Ai  exp(-;P^iX)  + A2  expdP^xx)  + A3  exp(-7(3,2^)  ■*■  ^4  expO'/3x2Jc)l  exp(-7/3yy) 

(6! 

h,  = {(ii(Ai  expi-j^xiX)  + A2  exp(;/3;,ix)]  + (121^3  exp(-70j2^)  ^4  expO(3;c2^)l)  ' 

ffi( 

• exp(-;(3yy) 


h 


tiiwnti— Tfi'-a* 
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Fig.  6 — Dependence  of  0j  spatial  Fig.  7 — Geometry  associated  with  a ferrite- 

behavior  on  the  algebraic  sign  of  rf  air  interface 


As  far  as  the  z-dependence  of  and  is  concerned,  it  is  to  be  noted  that  if  /3^  is 
changed  into  in  the  expression  of  r^,  Tj  g do  not  change  their  values.  This  means 
that  e^ix,  y)  (or  h^{x,  y))  can  “travel”  in  opposite  directions  along  the  z-axis  with  the 
same  phase  velocity;  i.e.,  stationary  solutions  may  exist  along  the  z-axis.  Therefore,  the 
z-dependence  of  and  may  be  expressed  as  a linear  combination  of  sine  and  cosine 
terms.  This,  in  turn,  also  means  that  the  transversal  components  e,  and  hf  may  assume 
the  same  type  of  z-dependence.  They  are  in  fact  obtained  from  and  by  means  of 
transversal  operators  that  do  not  alter  the  z-dependence.  While  the  square  of  longitudinal 
propagation  constant  (3^  is  always  a positive  quantity,  and  (3^2  positive  or 

negative,  indicating  either  oscillatory  or  nonoscillatory  solutions  for  partial  fields  0,-.  In 
general,  a nonreciprocal  TFDE  is  as.sociated  with  nonoscillatory  0,-.  More  specifically,  by 
rewriting  Eqs.  (62)  and  (63)  as  )3‘^,-  = rf  - (3^,  one  finds  the  situation  shown  in  Fig.  6. 
From  this  figure,  it  is  apparent  that  rf  < 0 is  a sufficient  condition  for  0,  to  be  non- 
oscillatory. 

UNIDIRECTIONAL  INTERFACE  WAVES 

In  the  previous  paragraph  we  studied  free  propagation  in  an  unbounded  ferrite 
medium.  Let  us  now  study  a simple  example  of  guided  wave  propagation  perpendicular 
to  the  DC  magnetic  field:  the  propagation  of  guided  waves  along  a ferrite-air  interface 
(see  Fig.  7).  In  the  following,  these  waves  are  called  “interface  waves”  to  emphasize  that 
their  existence  is  related  strictly  to  the  existence  of  an  interface  between  the  ferrite  and 
some  external  medium.  For  the  geometry  of  Fig.  7,  we  want  to  have  an  exp(-  jP^y) 
edong  y and  to  satisfy  radiation  condition  at  x -*  «>.  Therefore,  we  choose  with  an 
x-dependence  of  the  tyi>e 

e^(x)  = A exp(-«^„x)  («xa’  "xa  ^ 0,  jc  > 0),  (67) 

<?^(x)  = li  exp(o^.^.r)  (o^,  > 0.  x < 0).  (68) 
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Fig.  8 — Dispersion  diagram  for  interface  waves 

Substitution  of  Eq.  (68)  into  the  wave  Eq.  (27)  and  Eq.  (67)  into  Eq.  (27)  special- 
ized to  the  case  of  an  air  medium  (e^  = = 1)  shows  and  a^f  must  satisfy  the 

following  conditions: 

(69) 

(70) 

Since  both  a^f  and  must  be  real  and  positive,  guided  waves  exist  only  when 

(71) 

(72) 

On  the  CO  vs  /3y  diagram  of  Fig.  8,  these  two  inequalities  are  satisfied  in  the  shaded 
regions. 

Let  us  now  impose  the  usual  electromagnetic  boundary  conditions  at  x = 0,  express- 
ing the  continuity  of  both  the  electric  and  magnetic  field’s  tangential  components: 

e^(0^)  = e^(0-),  (73) 

hy{0*)  = hy(0-).  (74) 

Here  emd  respectively,  indicate  that  and  hy  are  in  air  and  in  the  ferrite  medium. 
Substitution  of  the  appropriate  expressions  in  Eqs.  (73)  and  (74)  yields 

/I  = B,  (75) 
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whose  determinantal  equation  is 


■ TT  (77) 

Equation  (77),  in  conjunction  with  Eqs.  (69)  and  (70),  allows  one  to  calculate 
dispersion  relation  co  as  a function  (iy  and  to  draw  the  corresponding  dispersion  curves  on 
a Brillouin  diagram.  Unfortunately,  this  can  be  done  only  by  computer  for  numericEil 
cases  of  interest.  When  this  is  done,  [10-11]  one  sees  that  the  dispersion  curve  is  made 
up  by  two  branches  (see  Fig.  8).  One  branch  is  in  the  cj,  (3y  > G quadrant  and  presents 
a horizontal  asymptote  at  co  = cOq  co,n  /2.  The  other  branch  is  in  the  u>,  Py  < 0 
quadrant  and  extends  between  two  limit  points  located  on  the  (3y  = Pq  and  py  = 
/3Q(e^jUpff)^(2  curves  (points  B and  A in  Fig.  8). 

As  is  common  in  the  study  of  anisotropic  waveguides,  it  is  convenient  to  consider 
the  two  branches  as  representative  of  two  different  modes  of  propagation.  The  mode 
represented  by  the  dispersion  curve  with  the  horizontal  asymptote  may  be  called  a 
modified  magnetostatic  mode.  The  other  mode  may  be  called  the  magnetodynamic  mode 
or  ferrite-dielectric  mode.  The  reason  for  these  denominations  will  become  apparent 
later  on,  after  discussion  of  the  magnetostatic  approximation. 

In  Fig.  8,  note  how  the  two  modes  have  opposite  phase  velocities  and  how  the 
ferrite-air  interface  behaves  as  a “nonreciprocal”  structure  in  frequency  range  (cu^  + 

< CO  < cOq  + co„, /2  and  as  a “unidirectional”  structure  in  frequency  range 
/2  < o)  < co^ . Furthermore,  note  how  inversion  of  the  DC  magnetic  field 
direction  would  put  the  modified  magnetostatic  branch  in  the  second  quadrant  of  Fig.  8 
and  the  magnetodynamic  branch  in  the  first  quadrant.  The  same  thing  would  happen  if 
one  keeps  Hq  unaltered  and  interchanges  the  ferrite  region  with  the  air  region  in  Fig.  8 
(see  Fig.  9). 

Let  us  now  consider  the  case  of  a ferrite  semispace  backed  by  a layer  of  surface 
reactance  X^.  In  this  case,  the  boundary  conditions  at  x = 0 require 


c^(O-) 


/Jv(O') 


and  Eq.  (77)  becomes 


Pv  ~ 1 ■ 


f*eff 
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Fit;.  9 “■  Changes  in  thf  dispersion  diagram  as  the  ferrite  and  air  semispaces 
are  interchanged 


Comparison  of  this  equation  with  (77)  reveals  that  for  the  ferrite-air  interface 
X,  = - For  the  special  cases  of  X^  = 0 (i.e.,  perfect  electric  wall)  and  = °° 

(i.e.,  perfect  magnetic  wall),  one  finds  that  Eq.  (79)  respectively  reduces  to 

(i)  Meff  = 0;  i.e.,  to  = oJq  + (80) 


(ii)  = 0^;  i.e.,  = ± (ioie.Mj 

^1 


(81) 


Equation  (80)  is  represented  by  a horizontal  line  in  a Brillouin  diagram;  therefore, 
no  RF  energy  transport  is  aissociated  with  this  situation.  Equation  (81)  is  represented  in 
Fig.  10.  Also  in  this  case,  the  dispersion  curve  is  a two-branched  curve  and  the  two 
branches  are  in  different  quadrants.  The  two  quadrants  can  be  identified  readily  if  one 
recalls  that  a^/-  must  always  be  real  and  positive;  therefore,  the  following  inequalities 
must  hold: 


>0 


to  > OJj 


P,<0 


<01 

^ CO  < CO,-. 


Py>0  J 


Comparison  of  Figs.  10  and  8 allows  on<‘  to  make  a number  of  observations.  One  funda- 
mental observation  is  that  the  X,  - (perfect  magnetic  wall)  condition  has  caused  the 
modified  magnetostatic  branch  to  lower  to  the  0 < co  < coq  frequency  range  and  has 
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moved  the  upper  cutoff  frequency  of  the  magnetodynamic  mode  to  infinity.  Further- 
more, it  has  transformed  the  structure  to  a completely  “unidirectional”  one.  In  fact, 
there  is  no  frequency  range  where  the  opposite  directed  modes  may  simultaneously 
propagate.  There  are  only  two  passbands:  the  high-passband  of  the  magnetodynamic 
mode  and  the  low-p^lssband  of  the  modified  magnetostatic  mode,  with  no  overlapping 
between  the  two. 

One  additional  observation  is  that  the  lower  cutoff  frc^quency  of  the  magnetodynamic 
mode  is  cj-  = (co^  + with  Wq  = 7//,.  Therefore,  if  //,  0,  Wq  is  very  close 

to  zero  and  the  magnetodynamic  mode  has  a passband  that  goes  from  almost  zero  to 
infinity.  At  the  same  time,  the  modified  magnetostatic  mode  disappears.  In  fact,  it 
propagates  from  zero  frequency  to  co  = oJq.  More  precisely,  by  introducing  Eq.  (12)  for 
H into  Eq.  (81)  for  and  one  finds 


= ± ^^0  v^’ 

(82) 

~ v/fo^r^o- 

(83) 

This  result  can  only  be  obtained  if  the  following  three  conditions  are  simultaneously 
verified: 

1.  Perfect  magnetic  wall  at  .v  = 0 

2.  Ferrite  without  low-field  los.ses 

3.  //,  = 0. 

In  practice,  the  first  two  conditions  cannot  be  completely  satisfied.  The  interface 
wave  will  be  guided  by  an  interface  with  0 < -Yj  < °°  and  low-field  losses  will  be  present 
when  CO  < co^ . As  a result,  upper  and  lower  cutoff  frequencies  will  always  exist  in  the 
peLssband  of  an  actual  interface  wave. 


Fig.  10  — Dispersion  diagram  for  interface  waves  along  a 
perfect  magnetic  wall 
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Fig.  11  — Geometry  associated  with  a ferrite  slab  in  air 


GUIDED  WAVE  PROPAGATION  IN  FERRITE  STRUCTURES 

Ferrite  Slab  with  General  Impedance  Boundary  Conditions; 

Characteristic  Equations  for  z-Independent  Modes 

Let  us  consider  the  ferrite  slab  of  Fig.  11  and  study  the  z-independent  TM^  (TEy) 
modes  that  propagate  without  attenuation  along  the  y-axis,  with  a dependence  of  the  type 
exp(-  jfiyy)  where  > 0.  The  slab  geometry  can  be  obtained  formally  from  Fig.  7 by 
introducing  an  additional  ferrite-air  interface  at  x = -W.  This  indicates  that  the  analysis 
may  proceed  as  done  previously  for  the  semi-infinite  ferrite  medium,  i.e.,  by  choosing 
“suitable”  solutions  of  wave  Eq.  (27)  in  the  various  regions  and  then  applying  boundary 
conditions.  Suitable  solutions  mean  that  electric  field  c^(x)  must  satisfy  radiation  condi- 
tions at  1x1  = °°  and  is  a linear  combination  of  either  trigonometric  or  hyperbolic  func- 


tions in  - W < X < 0.  Therefore, 

e^llx)  = A explOji-gX)  (x  < - W),  (84) 

, ,851 

^ B cosh  oixf^  ^ 

c^3(x)  = D exp(- OjfgX)  (x  > 0),  (86) 

with  a^f,  ^xf  “xa  positive.  The  quantities  A,  B,  C,  and  D Eire  arbitrary 

amplitude  constants.  Substitution  of  Eqs.  (84)  and  (85)  into  wave  Eq.  (27)  yields  the 
following  relationships  between  transversal  and  longitudinal  wavenumbers: 

-/32>o,  (87) 

Pxf  " Po^rf^eff  - l^y  > 0,  (88) 

“xf  = /3y  - ^O^rPeff  > 0-  (89) 
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These  inequalities  indicate  that  the  circular  functions  are  appropriate  when 

and  the  hyperbolic  functions  when  Py  > pQ(ei.Ue{f)^^^-  Since,  in  the 
former  case,  e^(x)  displays  an  oscillatory  ix;havior  within  the  slab,  the  modes  may  be 
referred  to  as  “volume”  modes.  In  the  latter  case,  e^(Jc)  is  nonoscillatory,  and  the  modes 
are  labeled  as  “surface”  modes.  However,  later  in  this  section  it  will  be  shown  that  this 
is  not  a satisfactory  mode  classification.  In  fact,  different  “volume”  or  “surface”  modes 
exist;  therefore,  a more  detailed  classification  is  needed.  Let  us  now  impose  the  usual 
electromagnetic  boundary  conditions  of  x = - IV,  0: 

^Zl(-  W)=e,2(-  W), 

= hy2(.  IV), 

(90) 

hy2i0)=hy2(0), 


and  recognize  that  hy  can  be  obtained  from  via  Eq.  (26).  We  then  obtain  a system  of 
four  homogeneous  equations  in  the  unknowns  A,  B,  C,  D.  Using  circular  functions  for 
6^2  (•^)>  one  finds 


I'e 

- cos  PxfW 

sin  Pxf^ 

\ 

0 

- (Pxr  sin  P^fW 

^2 

■*eff  ®jca 

— Py  sin  p^ffV 

^2 

0 

+ — cos  P^^W) 

- I^xf  cos  P^fW 

0 

1 

0 

- 1 

r ■ 

o 

i^2 

Pi  ^y 

^xf 

) 

= 0,  (91) 


whose  determinantal  equation  is 


tan  Pxf^ 


When  e^2(^)  is  expressed  in  terms  of  hyperbolic  functions,  one  must  replace  P^^f  by  ja^f 
and  C by  - jC  in  Eq.  (91).  The  determinantcd  equation  then  becomes 


tanh  = 


2Meff  ^.xf^xa 
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Fig.  12  — Qualitative  dispersion  curves  for  TM^  modes  in  a ferrite  slab 


Mode  Qassification  Based  on  the  Brillouin  Diattram 

Equations  (92)  and  (93)  in  conjunction  with  Eqs.  (87)  and  (89)  allow  one  to  calcu- 
late the  dispersion  relation  tJ  = u)(j3^ ) and  hence  draw  the  dispersion  curves  on  a Brillouin 
diaftram.  Because  of  the  transcendental  character  of  Eqs.  (92)  and  (93),  this  can  only  be 
done  by  computer  for  specific  numerical  cases.  Figure  12  depicts  the  behavior  of  the 
dispersion  modes  in  a qualitative  manner,  retaining  however  all  the  scdient  features  of  an 
exact  computer  solution.  By  “salient  features,”  we  mean  oblique  as  well  as  horizontal 
asymptotes,  cut-off  and  transition  points. 

Figure  13  represents  the  exact  dispersion  curves  calculated  for  a YfG  slab  of  thick- 
ness W = 1 cm  (dash  and  dot  line,  h'  = 0.1  cm)  with  an  internal  DC  magnetic  field  //,  = 
200  Oe.  One  major  advantage  of  a Brillouin  diagram  is  that  it  allows  one  to  make  an 
unambiguous  clcissification  of  all  possible  modes  guided  by  the  structure.  Such  informa- 
tion is  obviously  of  great  importance  and  may  be  otherwise  difficult  to  obtain  in  multi- 
modal, open  structures  such  as  the  one  under  consideration.  The  criterion  for  determin- 
ing the  various  modes  and  how  they  differ  from  one  another  involves  a preliminary 
inspection  of  the  dispersion  waves  and  later  identification  of  curves  that  display  the  same 
Ix'havior  and  possess  the  same  salient  features.  Application  of  this  criterion  to  the  specific 
case  under  consideration  leads  to  the  following  conclusions. 

Upon  inspection  of  Fig.  12,  one  easily  recognizes  in  the  region  indicat(*d  by  (1)  that 
all  dispersion  curves  enjoy  the  following  properties: 

1.  Cutoff  on  the  fiy  = |3f)  line 

2.  Oblique  asymptote  at  = Pq  sJT, 


23 


IK 

f’ 

t 


PIETRO  de  SANTIS 


fREQ 


Fig.  13  — Dispersion  curves  for  TM^  modes  in  a 

YIG  slab  of  thickness  1 cm  ( — ) and  0.1  cm  ( ); 

= 220  Oe  (from  Cables  & Trans.  27(4),  416-435 
(Oct.  1973)). 


\ 


3.  Qose  similarity  to  the  TM^  di.spcrsion  curves  relative  to  an  isotropic  dielectric 
slab  (see  Fig.  14)  of  dielectric  constant  Cr  and  thickness  W (hereafter  referred  to  as 
“limit”  isotropic  slab). 

As  a conclusion,  it  seems  natural  to  say  that  these  curves  are  representative  of  TM2 
dielectric  modes  modified  by  the  ferromagnetic  properties  of  the  ferrite  or,  more  simply, 
that  they  represent  mixlified  dielectric  modes.  For  to  » coq,  when  the  ferromagnetic 
sy.stem  is  completely  out  of  resonance,  -►  1 and  those  modes  coincide  with  the  cor- 
responding modes  of  the  “limit”  isotropic  slab. 

In  region  2 of  Fig.  12,  only  one  curve  extends  from  B to  ,4.  If  one  compares  this 
curve  to  that  in  Fig.  8 relative  to  the  semi-infinite  model,  one  recognizes  a strong  similar- 
ity between  the  two.  It  is  therefore  natural  to  take  this  curve  as  representative  of  a 
magnetodynamic  ferrite  mode.  Similar  reasoning  applies  to  the  curve  in  region  3.  It 
represents  a modified  magnetostatic  mixle  (see  pages  46  to  48).  'The  curves  in  region  4 
might  he  regarded  as  the  curves  of  the  isotropic  slab  modified  by  the  presence  of  the 
horizontal  asymptote  at  u)  = (cOq  -*•  cooco^)*^^  (resonance  of  Ppff).  However,  closer 
examination  reveals  that  these  curves  are  heavily  affected  by  the  ferromagnetic  properties 
of  the  femte  and  are  very  similar  to  the  dispersion  curves  of  the  ferrite  volume  mode  of 
other  ferrite  wave  guides.  In  particular,  they  display  a mode  clustering  phenomenon  in 
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Fi^.  14  — Dispersion  cu^ve^  for  TM^  modes  in  isotropic 
dielectric  slabs 


the  vicinity  of  frequency  (oJq  + rherefore,  we  prefer  to  consider  them  as 

representative  of  new  modes  that  we  call  ferrite  volume  modes.  The  dtjtted  region 

I < (3q  as  indicated  by  the  inequality  Kq.  (87),  represents  modes  with  nonreal  i.e., 
radiative  modes  that  radiate  as  they  [iroiiagate.  These  modes  are  of  no  concern  here. 

A possible  classification  of  all  discrete  modes  that  propagate  without  atUmuation 
cilong  the  ferrite  slab  in  Fig.  11  is  shown  in  Table  1.  Note  how  the  dispersion  curves  of 
all  these  modes  are  symmetrical  with  respect  to  the  co-axis;  i.e.,  their  projiagation  charac- 
teristics do  not  change  when  the  direction  of  propagation  is  reversed.  Hence,  by  defini- 
tion, the  slab  under  consideration  is  a reciprocal  structure  as  far  as  its  [iropagation  charac- 
teristics are  concerned.  The  nonreciprocal  character  of  the  structure*  becomes  aptiarent 
when  the  x-dependence  of  the  various  field  components  is  considered.  For  instance,  if 
one  calculates  e*(x)  for  (1.^,  > 0 and  then  ej(a  ) for  fiy  < 0,  one  finds  that  c*  ej.  This 
point  will  be  taken  up  in  more  detail  in  a discussion  of  th(«  ferrite  slab  between  tw'o 
{lerfect  magnetic  wails.  The  above  tyiie  of  nonrecii^rocity  with  a reci()rocal  propagation 
and  nonreciprocal  transversal  field  distribution  exists  as  long  as  the  structure  surrounding 
the  ferrite  slab  enjoys  a mirror  symmetry-  with  respect  to  the  slab's  axial  plane  .x  = - ic,'2. 
An  asymmetrical  loading  of  one  of  the  two  faces  also  vvould  render  the  ))ro|)agation  non- 
reciprocal  (see  pages  48  to  52). 


Behavior  of  the  Surface  Mtales  as  a 
Function  of  Slab  'ITiickness 

Let  us  now  analyze  in  more  detail  the  transition  point  A on  the  dispersion  diagram 
in  Fig.  12.  The  name  indicates  that  at  this  point  a transition  occurs  between  two  different 
modes.  In  fact,  if  one  traces  along  tin*  magnetodynamic  curve  from  low  to  values  toward 
high  values  and  one  goes  through  this  |)oint,  one  sees  that  the  magnetodynamic  mode. 
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Table  1 — Complete  Discrete  Klectromagnetic  Sjx'ctrum  of  a FerriU*  Slab 


Denomination 

Cutoff 

Points 

Transition 

Power 

Asymptotes 

Frequency 

Range 

ej(x) 

(1)  Modified 
dielectric 

R - — 

CU  > 

— 

Oblique- 
Py  = Pa\/?7 

Cl? 

vol. 

(2)  Magneto- 
dynamic 

^ f r^eff 

W = 

Cl?^  Cl?  ^ Cl?^^ 

Surf. 

(3)  Modified 
magnetostatic 

LO  = U)^- 

Horizontal 

OJj  < CO 

W<COo  -K  — 

Surf. 

(4)  Ferrite 
volume 

OJTT 

OJ  < U)j( 

1 

Horizontal 

Cl?  ~ ^0 

0 < Cl)  < Cl)q 

vol. 

) 


I which  is  surface  wave  in  character,  transforms  into  the  modified  dielectric  mode  which 

\ has  volume  wave  fields.  This  modified  dielectric  mode,  in  turn,  as  co  -+  «>,  becomes  the 

I TM^  (or  TE.^)  with  the  largest  j3y  (fundamental  mode)  of  an  isotropic  dielectric  slab  of 

! dielectric  constant  It  can  easily  be  shown  that  transition  point  frequency  is 

^ dependent  on  thickness  W of  the  feitite  slab.  As  IF  -♦  0,  -*■  being  the  fre- 

Iquency  at  point  K in  the  Brillouin  diagram  of  Fig.  12.  This  fact  indicates  that  for  very 

thin  slabs  the  magnetodynamic  mode  branch  gets  very  close  to  velocity  of  light  line  = 

(Sq.  On  this  line,  = 0 and  the  electromagnetic  field  is  no  longer  guided  by  the  slab. 

On  the  other  hand,  as  the  slab  thickness  becomes  bigger  and  bigger  (i.e.,  IF  <»),  the 
meignetodynamic  mode  of  the  slab  becomes  more  and  more  similar  to  the  magnetodynamic 
mode  of  the  ferrite-air  interface.  More  specifically  Eq.  (93),  for  IF  oo^  becomes 


) 

[ lim  tanh  a^f  IF  = 1 = 

JF^oo 

» 

) 


^.v 


or 


(94) 


(95) 
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which  splits  up  into 


^v  = 


and 


Mo 


^ Meff  ) 


Mo 


(96) 


(97) 


Here  Kq.  (96)  coincides  with  Eq.  (77)  and  therefore  the  corresponding  Brillouin  diagram 
is  shown  in  Fig.  8.  Equation  (97)  differs  from  the  previous  one  because  of  the  minus  sign 
in  front  of  it.  The  Brillouin  diagram  is  now  obtained  from  Fig.  8 by  interchanging  the 
curv(‘  of  the  first  quadrant  with  that  of  the  fourth.  It  is  therefore  represented  by  Fig.  9a. 
Note  how  the  results  shown  in  Eqs.  (96)  and  (97)  may  lead  to  the  definition  of  the  sur- 
face modes  in  a ferrite  slab  as  modes  that  reduce  to  the  interface  modes  when  slab  thick- 
ness goes  to  infinity.  In  like  manner,  the  volume  modes  of  the  slab  may  be  defined  as 
modes  that  in  the  limit  H'  -►  °°  reduce  to  free  plane  waves  propagating  in  an  unbounded 
ferrite  medium. 

Let  us  now  investigate  the  behavior  of  the  modified  magnetostatic  mode  dispersion 
curves  as  slab  thickness  decreases  from  to  zero.  When  W'  = this  curve  has  been 
studied  in  the  previous  section.  It  originates  at  the  cutoff  point 


w 


(w‘  + 


ii/2 


= CJ; 


Wo  + W, 


Px  = 


with  zero  slope  and  has  an  horizontal  asynijitote  at  w - Wq  + w,„/2.  When  0 < W'  < <», 
it  can  be  demonstrated  that  the  cutoff  |)oint  and  the  horizontal  asymptote  both  remain 
unaltered. 

The  tw'havior  of  the  curve  for  w,  < w < Wq  + 12  may  he  easily  investigated  for 

large  but  finite  values  of  (iy.  I'nder  these  circumstances,  from  Eqs.  (87)  and  (89)  one 
finds 


2 

4a  = 


and  Eq.  (93)  reduces  to 


2 coth  liy  H'  = p,,ff  + 


tiy  = - tanh- 


w.. 


_ 1 

[2(w--wf)  J 
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Fig.  15  — Dispersion  curves  for  modified 
magnetostatic  modes 


Putting  together  this  result  with  the  fact  that  the  position  of  the  cutoff  point  is  independent 
of  W,  one  obtains  the  curves  in  Fig.  15. 


Perfect  Magnetic  Walls:  Lossless  Case 

We  considered  a semi-infinite  ferrite  medium  backed  by  a perfect  magnetic  wall.  If 
ejx)  of  the  interface  wave  is  strongly  peaked  at  the  wall,  this  idealized  geometry  is  a good 
approximation  to  a practical  circuit  of  finite  width.  However,  if  e^(x)  exhibits  a slow 
transversal  decay,  the  one-wall  approximation  is  not  valid.  Under  these  circumstances,  the 
width  of  the  circuit  affects  the  propagation  characteristics  and  a two-wall  or  a slab  model 
approximation  is  to  be  used.  In  this  section,  we  study  the  TM^  modes  in  a ferrite  slab  of 
width  W between  two  perfect  magnetic  walls. 

Suppose  the  walls  are  located  at  x = - W and  x = 0.  The  characteristic  equation  can 
be  found  by  letting  = 0 (see  Eqs.  (78)  and  (81))  in  Eq.  (91)  to  obtain 


for  volume  wave  fields  and 


— 

.^1/  • 


j3y  sinh  Oi^fW  = 0 


for  surface  wave  fields. 
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Fig.  16  — Dispersion  curves  for  TM^  modes  in  a ferrite  slab  between 
perfect  magnetic  walls 


From  these  equations  one  finds  for  it g /Mi  > 0 


or  via  Eqs.  (88)  and  (89) 


^xf  jy  ^ 0, 1, 2 ... 

^ = -7' 


/3v  = ± 


^^O^rMeff  ” ^ 


nwy 

w) 


1/2 


(103) 

(104) 


(105) 


)3y  = ±(3o(e,/ii)^^2.  (106) 

Now,  Eq.  (105)  coincides  with  Eq.  (28)  once  is  quantized  according  to  the  rule 
mr/W  (n  = 0,  1,  2 ...).  Therefore,  the  dispersion  curves  are  those  (solid)  in  Fig.  16  and 
coincide  with  those  of  Fig.  4 for  n = 0.  Note  the  mode  clustering  phenomenon  for  ou  -* 
cu,(to  < Cl),).  Equation  (106)  does  not  contain  IF  and,  in  fact,  coincides  with  Eq.  (81) 
relative  to  the  semi-infinite  model.  This  result  should  have  been  expected  as  long  as  in  the 
semi-infinite  geometry  hy  was  zero  everywhere  and  therefore  the  field  configuration  auto- 
matically could  satisfy  the  boundary  condition  hy  = 0 imposed  by  an  additional  magnetic 
wall.  The  surface  wave  dispersion  curves  are  the  dashed  lines  in  Fig.  16.  Let  us  now  study 
the  nonreciprocal  TFDE  in  this  structure.  The  nonreciprocal  TFDE  in  a transversally 
homogeneous  ferrite  slab  is  schematically  illustrated  in  Fig.  17.  If  e^(x)  and  e^(jr)  indicate 
the  x-distributions  of  associated  respectively  to  the  > 0 and  < 0 cases,  the  TFDE 
can  be  characterized  by  the  following  conditions: 
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IF  X » 0 IS  SLAB'S  AXIS, 


e,  (X)  -el  X) 


Fig.  17  — Schi'matic  of  nonreciprocal  transversal 
field  displacement  effect 


p*(x)  ^e~(x) 

where  Xj^j  is  the  abscissa  of  If  the  ferrite  slab  is  symmetrically  placed  with  respect 

to  a:  = 0 (i.e.,  the  perfect  magnetic  walls  are  located  at  .v  = + W/2,  the  above  condition 
specializes  into 

|e;(jc)|  = le^(Ar)| 

Let  us  now  calculate  c'^ix)  at  a fixed  frequency  and  see  how  the  TFDE  looks  in 
our  particular  case.  Let  us  begin  by  considering  frequency  region  tu  > w,  where  (a<2/A‘i  1 
> 0.  From  Eq.  (85),  we  find  that  for  the  surface-wave  modes. 


= B (cosh  + — sinh  1, 


and  from  Eq.  (91)  specialized  to  the  perfect  magnetic  wall  ca.se  (i.e.,  with  = 0),  we 
find  that 

C 

17  = - — — ■ (10 

B n 
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Therefore,  via  Eq.  (104) 


which  yields 


- 1 when  j3y  > 0 

1 when  Py  < 0 

e^(x)  = B exp(+  a^^x)  for  Py  ^ 0. 


(109) 


(110) 


This  result  indicates  that  e^(:c)  for  the  surface  wave  modes  inside  a ferrite  slab  between 
two  perfect  magnetic  walls  coincides  with  the  e^(x)  of  a semi-infinite  geometry  (see 
Eq.  (68)).  The  x component  of  the  h field  is  found  from  Eq.  (25)  to  be 


fix 


-PyLx 

CjpoPj 


where  is  the  unit  vector  in  the  jc -direction.  Via  Eq.  (106),  one  also  finds 


and,  from  Eq.  (104),  hy  = 0. 


(Ill) 


Therefore,  the  surface  wave  modes  are  transverse  electromagnetic  (TEM),  with  a 
wave  impedance  given  by  v/p^l  /Co^r-  The  amplitude  variations  of  or  along  the 
x-axis  are  shown  in  Fig.  18a(l)  where,  for  convenience,  B is  set  equal  to  1 (or  B = 

for  h^).  Fig.  18a(l)  clearly  indicates  a nonreciprocal  TFDE  where  (or 

max)  shifts  from  x = -)Vtox  = 0 upon  inversion  of  the  propagation  direction.  'How- 
ever, one  striking  feature  of  these  diagrams  is  that  |ej(x)|  ¥=  |e^(x)|  for  every  x.  Obviously, 
this  result  has  nothing  to  do  with  the  TFDE  under  consideration  as  long  as  the  relative 
amplitudes  of  the  incident  and  reflected  waves  depend  only  on  the  nature  of  the  longi- 
tudinal discontinuities.  One  can  in  fact  easily  demonstrate  that  this  result  depends  on 
the  location  of  the  slab  with  respect  to  the  x = 0 axis  and  that  a symmetrical  location 
leads  to  |ej(x)l  = le*(-  x:)|,  as  indicated  in  Fig.  18a(2). 


For  the  volume  wave  fields,  one  finds 


„ / nir  ^ m 

e,(x)  = B cos  -777  ■*  - sm  — jc 

^ y Iv  Pinir  IF 


and 


hJx)  = 


hy{x) 


BPy  / 

f 

COS 

\ 

mr 

IF 

HTT 

(jJPqPi  \ 

W 

^ nirPy 

— sin  ■ 

IF 

JB 

nn 

( 

'/^2y  ' 

nn 

'w 

pj  nn 

sin  — 

X , 

(112) 
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Fi^.  18  — (a)  Transversal  field  displacement  effect  for 
spatially  decaying  modes  in  a slab  (1 ) asymmetrically 
and  (2)  symmetrically  located  with  respect  to  the.v  - 
0 axis;  (h)  transversal  field  displacement  effect  for 
volume  modes 


indicating  that  the  modes  are  now  TM^  (or  TEy).  A qualitative  behavior  of  the  function 
has  been  plotted  in  Fig.  18b  as  a linear  combination  of  a sine  term  and  a cosine 
term.  For  simplicity,  n and  {W/nir)  have  been  assumed  equal  to  unity.  The 

magnetic  field  component  displays  a similar  behavior.  From  Fig.  18b(l)  and  (2),  one 
recognizes  that  a nonreciprociil  TFDE  may  occur  also  for  the  ^7  = 1 volume  wave  modes. 
However,  this  phenomenon  takes  place  “within”  the  ferrite  slab.  From  outside,  no 
observer  could  say  that  an  inversion  in  the  propagation  verse  has  shifted  the  miiximum  of 
sideways  with  respect  to  the  slab’s  axis.  For  this  reason,  one  might  call  this 
phenomenon  an  “internal”  Tk’DE.  For  u)  < co,,  when  same  type  of 

reasoning  applies.  One  has  only  to  invert  the  in('()U!ilities  in  Fig.  18.  .\t  this  point,  one 
might  wisli  to  know  which  physical  parameters  control  the  TFDE  and  among  them  which 
ones  must  be  most  conveniently  acted  upon  in  order  to  or)timize  the  phenomenon.  In 
our  idealized  geometry,  the  TFDE  is  controlled  by  exp(ajj.^lV),  i.e.,  by  Ov/H'.  Therefore, 
the  first  obvious  conclusion  is  that,  all  the  rest  being  fixed,  the  slab’s  width  IV  must  be 
large.  The  other  quantity  one  must  look  at  is 
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which,  on  a Brillouin  diagram,  looks  like  Fig.  19.  If  the  material  is  lossless,  one  would 
like  to  choose  operating  frequencies  close  to  oJq  and  cj,,  wh(>re  is  large.  However,  at 
Wq  Ml  ^ and  ferromagnetic  losses  might  heavily  influence  the  propagation  characteris- 
tics. Therefore,  in  principle,  one  would  stay  away  from  oJq  and,  rather,  choose  co  = cj, 
with  oj  > tu,.  More  specific  results  can  only  be  obtained  by  taking  into  account  los.ses. 
This  is  done  in  sec.  4.5.  In  Fig.  20,  the  exact  behavior  of  is  displayed  as  a function 
of  frequency  for  a lossless  YIG  slab  of  thickness  IF  = 1 cm  with  //,  = 220  Oe  (same 
numerical  case  as  in  Fig.  13).  A more  complete  ))ictorial  representation  of  the  TFDK  can 
be  made  either  in  terms  of  equiamplitude  curves  or  lines  of  force  of  the  e and  h fields. 
This  is  shown  in  Figs.  21  and  22.  In  Fig.  22,  note  that  the  line  of  force  representation 
has  been  made  for  the  h field  (continuous  lines).  In  the  upper  part  of  the  drawing,  the  h 
field  has  been  represented  (dashed  lines)  by  arrows  of  different  length.  This  rather 
unusual  situation  is  due  to  the  fact  that  a volume  magnetic  charge  distribution  exists. 
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h = -B 


which  is  a function  of  .r.  Note  that  b = {b^,  by)  with  by  - b^,  = 
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Fi^j.  20  — OCj^f  as  a function  of  fn^quency  for  a 
YIO  slab  with  W = 1 cm  and  //,  ^ 220  Oc  (from 
Cables  X-  Trans.  27(4),  410-435  (Ocl.  1973). 
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Fig.  21  “ Representation  of  the  transversal  field  displace- 
ment effect  in  terms  of  oquiphase  and  equiamplitude  planes 
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One  final  subject  of  interest  is  the  analytical  expression  of  the  RF  power  carried  by 
the  surface  waves  and  a possible  definition  of  an  equivalent  transmission  line  associated 
with  the  surface  wave  propagation.  The  surface  wave  power  flowing  through  a slab’s  cross 
section  of  width  IV  and  height  h (see  Fig.  18)  is  given  by 


-0 


CJP(,P 


I -2a^fX 

— e 

1 J-w 


A^h 

2ojiiq1^2 


(114) 


The  reason  why  P*  * P~  is  the  same  as  that  mentioned  before  in  relation  to  e*{x)  and 
cjl.r).  It  is  because  the  slab’s  axis  does  not  coincide  with  the  x = 0 axis.  In  fact,  placing 
the  magnetic  walls  at  x = ± lV/2,  one  obtains 

h 

p*  = - p~  - sinh  (aj-flV).  (115) 


The  characteristic  impedance  of  an  equivalent  transmission  line  associated  with  the 
surface  wave  modes  may  be  introduced  in  various  manners.  One  possible  way  is 


^/  = 


P 

|/12 


with 


AV12 
■-WI2 


(116) 


having  made  reference  to  a slab  symmetrically  located  with  respect  to  the  x - 0 axis. 
I’rom  Kqs.  (115)  and  (116),  one  finds  that 


or,  alternatively. 


w/7PqM2  sinh  (a^lF) 


sinh"^ 


Vv/- 


W 


loo 


tanh 


(117) 


(118) 


where  = (io;pQ/i2/2  is  the  equivident  characteristic  impedance  for  surface  waves  in  a 
ferrite  semispace,  i.e., 

lim  7-1  = Z/oo- 

In  Fig.  28,  we  have  reported  7,^  in  ohms  as  a function  of  w/Wq  for  a YIG  slab  of 
height  h - 0.06  cm  and  in  Fig.  24,  7,17,^  as  a function  of  the  normalized  slab’s  thickness 
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Fig.  23  — Characteristic  impedance  of  the 
equivalent  transmission  line  associated  with  the 
surface  waves  of  a ferrite-air  interface  as  a func- 
tion of  the  normalized  frequency  ojIcJq  (h  - 
0.06  cm) 
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Another  possible  definition  for  the  equivalent  characteristic  impedance  is 


with  V = h. 

Substitution  of  Eq.  (115)  into  Eq.  (119)  yields 

= (120) 

Therefore,  the  behavior  of  as  a function  of  co/coq  for  a YIG  slab  0.06  cm  thick  is 
represented  by  the  curve  of  Fig.  23  with  the  coordinates  multiplied  by  four. 


Perfect  Magnetic  Walls:  Lossy  Case 

Let  us  assume  that  the  slab  discussed  in  the  previous  section  is  made  by  a ferrite 
material  with  magnetic  losses.  These  losses  can  be  introduced  into  the  analysis  in  an 
approximate  manner  by  formally  substituting  complex  Pj  and  P2  values  into  the  disper- 
sion relations  of  Eqs.  (103)  and  (106).  This  is  equivalent  to  assuming  that  the  electro- 
magnetic field  also  preserves  its  lossless  transversal  distribution  in  the  presence  of  magnetic 
losses.  Obviously  this  is  not  true,  but  if  losses  are  small  the  approximation  is  good. 

When  Pj  and  P2  are  complex,  the  longitudinal  and  transversal  wavenumbers  also  are  com- 
plex, and  for  propagation  in  the  direction  of  the  positive  y-axis  (/J^  > 0)  one  finds  the 
following  situation. 


Lossless 

1 

» Lossy 

*■ 

1 ft 

e^(.V)  exp(-jPyy) 

e^l.v)  ^ exp(-yi3.^,y  - cv^.y) 

(121) 

(iy>0 

jiy  , ttj.  > 0 

e^(x)  ^ exp(-  (x^fX) 

C^(jf ) = exp(-  a^.r  +jPxfX) 

^ exp(-  Q^^.r) 

(122) 

when  (3^.^  is  small 
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Lossless 


Lossy 


-Ui  +s 


1/2 


M,  +s 


2 

..1/2 


1/2 


1/2 


with  s = (fj[  + (Pj 


(123) 


“v/ ""  — 


» »> 


Let  — = p - JP 
^1 

p'^y-p" ay 

= p'fly  + p"i3^,  (small  quantity) 


(124) 


The  four  quantities  ay,  Py,  a^f,  and  can  now  be  plotted  as  Brillouin  diagrams  for 
fixed  Hq,  All,  A-aMg,  and  e^.  This  is  shown  in  Fig.  25  for  YIG  with  AH  = 35  Oe  and 
H = 2000  Oe.  This  is  the  same  numerical  case  considered  in  Fig.  3 and  is  typical  of 
edge-guided  wave  propagation  at  X-band  frequencies.  Note  that  the  slab  s width  does  not 
enter  into  the  picture;  therefore,  these  dii^ams  also  represent  the  propagation  charac- 
teristics of  a ferrite  semispace.  Obviously  our  “small  lo.ss”  analysis  is  valid  only  in  fre- 
quency ranges  where  is  very  small. 


la) 


♦ GH2 


Kit!.  25  - Behavior  of  (a)  , a,  and  (b)  as  a function  of 

rrPfjucncy,  for  surface  waves  in  YlO  (A//  = .3.5  Oc.  Hj  - 2000  Oc  ( 20] 
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From  P'ig.  25a,  it  is  apparent  that  unattenuated  longitudinal  propagation  (a^  ^ 0) 
occurs  only  for  0 < cu  < 4.6  GHz  and  cu  > 9.2  GHz.  However,  from  Fig.  25b,  one 
recognizes  that  in  the  lower  passband  transversal  attenuation  constant  a^f  goes  to  zero  as 
u;  -*■  0.  Therefore,  if  one  is  interested  in  a strong  TFDE;  i.e.,  if  one  wants  to  keep 
greater  than,  say,  20  dB/cm,  one  must  limit  the  operation  frequency  between  3.2  and 
4.6  GHz  (lower  shaded  area).  In  the  upper  passband,  the  situation  is  more  favorable 
since  is  always  rather  large  emd  above  80  dB/cm.  However,  for  high  frequencies,  it 
is  possible  that  higher  order  volume  modes  propagate. 

At  this  point,  it  is  therefore  appropriate  to  explore  the  behavior  of  the  volume 
modes.  They  can  be  studied  2is  before,  by  assuming  a longitudinal  dependence  of  the 
type  exp(-  - a^.y)  with  a^,,  Py  > 0,  and  e^(jc)  almost  equal  to  the  e^(x)  of  the  loss- 
less case.  Under  these  circumstances,  letting  = Mef{  - one  finds  from  Eq.  (105) 
that 


A -B~  + [{A  -B^)^  +C2]>/2 


1/2 


and 


- A -1-  B2  + ^2  (;2  j 1/2 

2 


1/2 


where 


(125) 


(126) 


B = (mr/W)^ 

C = 

Equations  (125)  and  (126)  have  been  plotted  as  Brill ouin  diagrams  in  Fig.  26  for  the 
same  numerical  case  of  Fig.  25.  Figure  26  a and  b refer  respectively  to  the  n = 1 and 
n = 2 cases. 


From  those  diagrams,  one  recognizes  that  while  the  n = 2 volume  mode  is  heavily 
attenuated  for  all  frequencies  of  interest,  the  n = 1 mode  can  propagate  virtually  un- 
attenuated for  cu  > 12  GHz.  Therefore,  if  some  possibility  exists  for  the  n = 1 volume 
mode  to  be  excited  (e.g.,  due  to  a longitudinal  discontinuity)  and  one  wants  only  the  sur- 
face wave  mode  to  propagate,  one  should  limit  the  upper  propagation  band  at  9.2  < cu 
< 12  GHz. 


Character  of  z-Dependent  Modes 

The  z-dependent  modes  of  a ferrite  slab  were  shown  (page  22-27)  to  be  pure 
TE^(TEv)  or  TMj(TMy ) modes,  either  volume  or  surface  wave  in  character.  Here  we 
wish  to  study  the  z-dependent  modes  of  the  same  structure.  The  practical  reason  for 
doing  so  was  mentioned  on  pages  8 to  11,  when  we  said  that  a parallel  plate  waveguide 
may  support  only  z-independent  modes  if  the  plate  distance  is  sufficiently  small.  In  this 
section  we  determine  how  small  such  a distance  must  be  for  a typical  case  of  interest. 
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The  z-dependent  fields  were  studied  in  an  unbounded  ferrite,  and  an  outline  was  presented 
for  the  solution  of  the  boundary  value  problem  associated  with  the  parallel  plate  wave- 
guide. The  reader  is  therefore  referred  to  pages  8 to  15  before  reading  what  follows. 


Let  us  consider  the  structure  of  Fig.  27.  It  is  a ferrite  slab  in  air,  bounded  at  z = 

± h 12  by  two  perfect  electric  conductor  (PEC)  plates.  Inside  the  ferrite,  all  the  reasoning 
of  the  discussions  of  pages  8 to  15  holds  true,  and  therefore  we  know  that  the  electro- 
magnetic field  does  not  separate  into  pure  TE^  and  TM^  fields,  but  it  can  be  derived  by 
two  scalar  potentials  and  h^,  which  are  expressed  as  a linear  combination  of  two 
“partial”  fields  given  by 

niT 

0,(x,  y,  z)  exp[-y(|3jfix  + (3v.v)l  sin  — 2 (127) 

<p2(x.  y,  z)  ^ exp[->(|3jf2^  ^^y.v)!  sin  2.  (128) 

Here,  |3^i  and  (3^2  either  real  or  imaginary  quantities;  i.e.,  0]  2 either  an 

oscillatory  or  a decaying  function  of  x (see  P'ig.  6).  This  last  consideration  suggests  a 
natural  way  of  indicating  the  spatial  behavior  of  the  various  modes  in  the  slab’s  cross 
section.  In  fact,  if  one  labels  with  S a nonoscillatory  fhifx)  and  with  V an  oscillatory 
<I>,(.r),  then  the  nature  of  the  total  fields  may  be  identified  as  follows: 

S V < 0,  (3^2  > 0 (or  vice  versa). 
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Fig.  27  — Geometry  used  to  study 
z-dcpendent  modes 


Fig.  28  — Existence  regions  for  VV,  VS,  and  SS 
modes  on  the  f vs(3y  coordinate  plane 


The  existence  regions  for  these  fields  for  a typical  case  of  interest  [21 1 (with  47rA/<9  = 
1780  Oe,  //,  = 220  Oe,  = 14.5,  (3^  = njh  = 6.28  rad/cm)  are  shown  in  Fig.  28.  Wave- 
numbers change  their  sign  as  they  cross  boundary'  lines  (3^,  = 0.  The  boundary  lines 
partition  the  coordinate  w-vs-/3^.  plane  into  five  regions  within  which  the  sign  of  /3^,  re- 
mains constant.  From  this  diagram,  it  is  apparent  that  “true”  surface  waves  exist  only  in 
the  shaded  n'gions. 
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In  all  other  regions,  the  x-dependenee  of  the  total  electromagnetic  field  inside  the 
ferrite  is  expressed  l)y  the  superposition  of  an  oscillatory  and  a decaying  function;  there- 
fore, one  cannot  establish  a priori  whether  the  electromagnetic  field  is  surface-wave  or 
volume-wave  in  character.  Obviously  the  overall  character  of  the  mode  depends  on  the 
relative  amrditude  of  the  oscillatory  and  decaying  components.  Note  that  at  points  A,  B, 
and  C in  Fig.  28  both  jS;,  and  are  equal  to  zero,  representing  a field  which  propagates 
along  the  2 direction  with  |3^  = Tr/h.  Therefore  they  are  defined  by  the  equations 


= - *^2)1 


1/2 


or 


co(  1 + (co  - ) 


co|l  - w,„(cj  + WoC  l‘“  leo'c',)"'” 


Brillouin  Diagram  for  /3  = nih 


Let  us  now  solve  the  boundary  value  problem  associated  with  the  guided  wave 
propagation  along  the  structure  shown  in  Fig.  27,  limiting  ourselves  to  the  case  - Tr/h. 


Inside  the  ferrite,  the  general  expressions  of  and  are  given  by  Eqs.  (65b)  and 
(66b),  which  we  repeat  here  for  convenience: 

TT  1 

e,(x,  y,2)  = (A-xi  ^ ^ - z exp(-;Py-V),  (129) 


and 


h,{x,y,z)  = (A\h^X\*  A\h,x\^  sin  ^ ^ ) exp(-;]3yy)  (130) 


where  the  simplified  notation  has  been  used  Xi,2  “ Pxp(± 

Furthermore,  the  y components  Cy  and  hy  are  given  by  Eqs.  (65a)  and  (66a), 


ey(x,y,z)-(A\f-x\^A\f;x\  ^ Ay-x^^  A^f^x^)  s\n\- z\  exp(-;(3,,y),  (131) 


! 71 


hy(x,  y,  2)  = iA-M]x]  ^ + A^g^Xo)  s>n  2j  exp(-;(3.,y),  (132) 


with 


/•■  +/i,m,)-;(5„(m2  +/7,m3), 

/■;  = + /Jimj  ) + n}x2('^2  + 
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fl  = -»3v(mj  + hgmj ) +;]3,2('”2  +^2"’3)- 
Sl  =-;i3y('^5  ^ +h^m2), 

^2  = -yi3y(W5  + h^nij)  + ^2^*2)- 

^2  = -jPy(>^'b  + *2"*d)  *}Px2^'^4  + ^2"^2)- 

Outside  the  ferrite,  in  the  air  regions,  the  EM  field  can  be  represented  by  a super- 
position of  TM^  and  TEj  modes,  which  can  be  calculated  from  Eq.  (39)  in  the  limit 
^2  ~ 0,  Ppff  = Mj  = 1,  and  = 1.  Performing  this  limit,  one  finds  that 


Jl^. 


,2  /,2 


u ■ o 

ht  = + 


jPz 


- IzXVih^, 


- Hf-Pl 


Vth,. 


(133) 


(134) 


Here  the  first  term  represents  the  TM^  (h^  = 0)  part  of  the  total  field  and  the  second 
term  the  TE^  (e^  = 0)  part.  In  Eqs.  (133)  and  (134),  the  expressions  of  e^  and  must 
be  chosen  in  such  a way  as  to  satisfy  radiation  condition  at  U]  = «>.  Therefore, 


and 


e^(.r)  = A exp(- 

X > 0 

(135) 

li^(x)  = B exp(-  a^^,x) 

a:  > 0 

(136) 

e^(.r)  = C exp(o;jj.(,jc) 

.V  < - »' 

(137) 

/i,(.v)  = D exp(a^..v) 

.T  < - IV 

(138) 

while  the  z and  y dependences  are  the  same  for  all  the  components  and  are  respectively 
sin  [ulh)z  and  expi-yjS^y).  The  transversal  decay  constant  a^,^,  must  be  such  that  all  the 
field  components  satisfy  a wave  equation  in  air.  i.e.. 


U2 


(139) 
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Hence,  in  order  for  to  be  real,  the  following  inequality  must  be  satisfied: 


2 

0 


(140) 


Upon  substitution  of  Eqs.  (135)  and  (138)  into  Eqs. 

(133)  and  (134),  one 

finds 

Cy  = {Af^.  + Bf,,, ) cxp(-  a^,,a:) 

jc  > 0, 

(141) 

hy  = (Ag^  + ) exp(-  a:^.,..x) 

.V  > 0, 

(142) 

Cy  = (C/p  - Df,^  ) exp(a^.pX) 

.r  <0, 

(143) 

hy  = ( - Cgg  + Dg,„  ) exiXa.p.r ) 

x<0, 

(144) 

with 

fe  = Mz 

f m 

=-]^^0<^xv 
Sni  ~ ~ f e 

and  ‘ indicates  normalization  with  respecT  to  ((3^  - |3q)‘'. 

Let  us  now  impose  the  boundary  conditions  at  .v  = 0,  IV  requiring  the  c ontinuity  of 
e^,h^,e  and  hy.  When  this  is  done,  one  obtains  a system  of  eight  equations  in  the 
eight  unknown  amplitudes  A,  B,  /Ij,  /Ip  A^,  /l^’  associated  determinantal 

equation  is  given  by 

detM  = 0,  (145) 

where 
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Fig.  29  — Dispersion  diagram  for  z-depend- 
ent  = TT/ft)  modes  in  the  structure  of 
Fig.  28 


In  M,  the  first  and  the  last  two  columns  refer,  respectively,  to  the  fields  in  jc  > 0 
8ind  X < - W.  The  four  central  columns  refer  to  ferrite  region  - IV  < x <0.  Equation 
(145)  must  be  solved  by  computer.  Some  numerical  data  are  reported  in  Ref.  21  for 
specific  cases  of  practical  interest.  Here  we  limit  ourselves  to  present  the  qualitative 
behavior  of  the  dispersion  curves  of  the  z-dependent  modes.  This  is  done  in  Fig.  29.  The 
■ 'ost  striking  feature  of  this  diagram  as  compared  to  the  z-independent  case  is  the  absence 
oj  a z-dependent  magnetodynamic  mode.  Note  that,  on  the  contrary,  a z-dependent 
n odif  ed  magnetostatic  modes  does  exist  which  extends  in  the  SS  region.  In  Fig.  30,  each 
cm  ,e  is  characterized  by  an  index  m such  that  [(m  - l)7r  < /3^,1V  < mn] . The  curves 
with  a star  indicate  that  the  mode  becomes  TEj(TM^)  in  the  limit  h ^ Equation  (145) 
might  be  also  solved  for  as  a function  of  distamce  h between  the  two  metal  plates, 
other  quantities  being  fixed.  Unfortunately,  no  such  computations  exist  in  the  published 
literature  for  the  case  under  consideration;  i.e.,  ferrite  slab  in  air.  L.  Courtois  [21]  has, 
however,  carried  out  similar  computations  for  a slab  of  ferrite  immersed  in  a fictitious 
medium  characterized  by  a unitary  refractive  index  and  a relative  characteristic  impedance 
variable  from  zero  to  very  large  values.  Obviously,  in  this  case,  the  boundary  condi- 
tions at  X = 0,  -IV  require 

c^(0)  e^(-  IV) 

1^)  " hy(-  IV)  " 
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FIk-  30  — Influence  of  h on  |3j, 


with  Zq  = The  limit  cases  = 0,  respectively,  correspond  to  the  cases  of 

perfect  electric  or  magnetic  walls.  The  utility  of  using  such  a fictitious  external  medium 
rests  on  this  possibility  of  recovering  all  cases  intermediate  between  the  above  limit  casn‘s. 
For  a perfect  magnetic  wall  {Z^  very  large),  the  qualitative  results  of  P'ig.  30  are  obtained 
1 21] . In  this  figure,  note  that  for  h o°  (i.e.,  0),  (3^  tends  to  the  values  relative  to 

z-independent  modes.  These  modes  are  either  surface  or  volume  modes  (see  pages  21  to 
23).  f’or  A ->  0,  (3^  i^O’  '•®->  modes  tend  to  become  loo.sely  bound  to  the  structure. 
Typically,  for  h < 0.5  cm  all  z-dependent  modes  with  the  exception  of  the  magnetostatic 
mode  undergo  a drastic  cutoff  phenomenon  and  only  n = 0 (z-independent)  modes 
propagate. 


COMPARISON  OF  MAGNETOSTATIC  AND 
.MODIFIED  .MAGNETOSTATIC  MODES 


Consider  the  ferrite  slab  of  Pig.  11  and  recognize  that  the  associated  magnetostatic 
boundary  value  problem  is  defined  by 


1.  XJ-n-h=0 

2.  ^ = - V0 

3.  0,(-  H')  = 02(-  »') 

02(0) ~ 03(0) 

90^  002  ^*^2 

002  002  903 

-^(0)-y^2-^  (0)  = -^(0) 


(146) 

(147) 
(1481 
(U9) 

(1.50) 

(1.51) 
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I 

( 


where  <p  is  a.  scalar  potential.  Assume  (>  to  be  independent  of  2 and  have  a y-dei)endeni  e, 
exp(- jliyy).  From  Eqs.  (146)  and  (147)  one  finds 


/ 3^0  d~4> 

Pj  + 


= 0 


(152) 


„n 


(153) 


Among  all  possible  solutions  of  Kq.  (153),  let  us  choose  those  appropriate  to  the 
guided  wave  modes  of  our  structure.  One  readily  finds 


0,  (.r)  = A exp(a^.r)  jr  < - IF 

4>2ix)  = 


B cos  PyfX  + C sin  u-  < , < o 

B cosh  oi^i-x  + C sinh  oi^fX 


<t>3{x)  = D e.xp(-  a^x) 


0 


(154) 

(155) 

(156) 


with  real  and  positive  and  real.  Substitution  of  Kqs.  (154)  and  (156)  into 

the  Laplace  equation  (153)  indicates  that  it  must  be 


0‘xa  = > 0. 

/32^  = -/32>o, 

^/^y  >0- 


(157) 

(158) 

(159) 


Obviously,  Eq,  (158)  cannot  be  satisfied  by  any  real  value  of  j3^^;  therefore,  (Jgl-v) 
cannot  be  represented  by  trigonometric  functions.  Only  hyperbolic  functions  are  admissi- 
ble. This  is  equivalent  to  saying  that  no  volume  wave  solutions  exist. 

Let  us  now  impose  the  boundary  conditions  Eqs.  (148)  and  (151)  to  obtain 

r ^ 

A 


r 

exp(-a^^W) 

- cosh  OvrH' 

1 sinh  a.f/'lV  i 

0 

“xa  expl-Qf^glF) 

j -p,a^;-cosha^H'  [ 

0 

+ fosh 

1 - “vf  1 

0 

1 

f 

0 

1 

- 1 

1 ~ [ 

— 

0 

1 1 

- «.va 
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whose  determinantal  equation  is 


B 


n 

^ J 


= 0, 


(160) 


- 2 coth  W = Ppff 


(161) 
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Kin.  ~ Dispersion  curves  for  maKnetostalic  modes 
and  modified  manmUoslalic  modes 


This  equation  represents  the  magnetostatic  modes  of  the  slab  and  yields  the  Brillouin 
diagram  in  Fig.  31.  It  coincides  with  Kq.  (99),  which  represented  the  slab’s  modes  in  the 
limit  )3y  » 

In  Fig.  31,  we  have  also  rejiorted  the  e.xact  disiiersion  curve  (dotted  line)  for  com- 
parison purposes.  From  this  figure  it  is  evident  that  the  reason  for  using  the  denomination 
“modified  magnetostatic  modes”  for  the  exact  solution.  Note  that  if  perfect  magnetic 
wall  boundary  conditions  are  used  (i.e.,  hy  = - jpyO  = 0 at  .v  = 0,  - W'),  the  only  possible 
solution  is  fi  = C = 0,  i.e.,  (!).2(.r)  = 0 everywhere. 

BROADBANPING  OF  EGWs  BY  DIELECTRIC  LOADING 

In  previous  sections,  it  was  shown  that  a ferrite  slab  with  a surrounding  structure 
symmetrical  ''Th  respect  to  its  axial  plane  is  a nonreciprocal  structure  with  a Brillouin 
diagram  symmetric  with  respect  to  the  ou-tuxis.  Furthermore,  its  dispersion  diagram  dis- 
plays a magnetodynamic  branch  which  tenninates  at  a transition  point,  beyond  which 
only  volume  modes  exist.  In  this  section,  we  show  that,  if  the  ferrite  slab  is  backed  on 
one  side  by  a dielectric  slab  of  sufficiently  high  dielectric  permittivity,  a number  of  inter- 
esting phenomena  take  place.  Among  them,  (lerhaps  the  most  relevant  are  the  following: 

1.  .\symmetry  of  the  dis)iersion  modes  with  respect  to  the  co-axis  in  a Brillouin 
diagram 

2.  Shift  of  the  transition  point  toward  higher  frequencies;  i.e.,  broadbanding  of  the 
magnetodynamic  [tassband 

3.  Superiiosition  of  a reciprocal  TFDE  on  the  nonreciprocal  one. 

Let  us  now  consider  the  TM,,.  modi'S  guided  by  the  structure  of  Fig.  32.  The 
analysis  proceeds  along  the  same  lines  ;is  for  the  slab’s  case.  The  scalar  potential  c^(.v) 
assumes  the  following  functional  dependence  on  x: 


c,,(.v)  = .4  exp(cVj^,..v) 

region  (1) 

(162) 

^ exp(fr^,.r)  + C(- 

region  (2) 

(163) 
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Fig.  32  — Geonrietry  associated  with  a 
dielectric2>!ly  loaded  ferrite  slab 


c^3(x)  = Dexp(fe^jAr) region  (3)  (164) 

e^4(x)  = Fexp(-a^y3c)  region  (4)  (165) 

where  the  wavenumbers  satisfy  the  relations 

a2^=^2_^2>0,  (166) 

fe2^=(32_^2,^^0,  (167) 

(168) 


[ These  considerations  hold  true  both  in  the  dielectric  and  in  the  ferrite  slab.  There- 

I fore,  indicating  by  S and  V,  respectively,  the  surface  and  the  volume  wave  fields  and  by 

1 the  subscript  f or  d the  ferrite  or  the  dielectric  slab,  one  finds  the  following  possible 

mode  classification: 

1.  Sd  Sf, 

[ 2.  Vf, 

; 3.  Srf  v>, 

4.  Sf  V^. 

Where  these  modes  exist  in  a Brillouin  diagram  can  be  easily  found  on  the  basis  of 
the  inequalities  of  Eqs.  (166)  and  (168).  This  is  shown  in  Fig.  33.  From  this  figure,  one 
sees  that  k^f,  and  fe2j  change  their  algebraic  sign  as  they  cross  the  boundary  lines 


(169) 
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«v..  = i.e., 

kl,  - 0,  i.e.,  Hi  =lile^  (170) 

k'lf  = 0,  i.e.,  H'l  = /lofr/-^orf- 

These  lines,  in  conjunction  with  horizontal  line  = ojf  (where  Mt.ff  partition  the 

to  vs  J3  coordinate  plane  into  seven  zones  within  w'hich  the  alf^ebraic  sifjn  of  a~^,,  k^f,  and 
is  constant.  These  regions  therefore  represent  the  exisU-nce  regions  for  the  modes 
indicated  in  Eq.  (169). 


Fig.  33  — Existence  regions  for  Vf  V^,  S,  S^. 

and  Vf  modes  on  the  to  vs  3^.  coordinate  plane, 
where  S ~ surface,  = volume,  f ~ ferrite,  and  d ~ 
dielectric 


Note  that  the  information  provided  by  Fig.  33  does  not  necessarily  mean  that  those 
modes  do  exist.  It  merely  indicates  that,  if  the  dispersion  curves  extend  in  a particular 
region,  the  associated  e^{x)  has  the  behavior  indicated.  Let  us  now  impose  the  continuity 
of  e and  h at  the  interfaces  x = 0,  t,  f + a’.  The  dependence  of  hy  on  e^  within  the 
ferrite  slab  is  provided  by  Eq.  (26).  In  the  air  and  within  the  dielectric,  hy  can  be 
obtained  from  the  same  formula  by  letting  ftpff  = 1,  = 1,  and  Ppff  - 1,  respectiveh 

Once  the  boundary  conditions  are  imposed,  one  obtains  a system  of  six  homogeneous 
equations  whose  determinantal  equation  may  be  suitably  cast  in  the  form 

1+Pexp(2fe^a)  1 s-  Q exp(-  2k 

PrflPexp(2fe,.rfa)-  ll  " qf*-pfQp\p(-2k^fW) 
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I 

( 

‘ with 


t 


P-ia^.  +l;xcl)(>'xd 

(172) 

Q=  (Qf-  Po)(Po  -Pff^ 

(173) 

«.ve 

(174) 

^'xtl 

Pd  = -j  — 
wpo 

(175) 

j; 

(176) 

wqof'.-ff  (' 

(177) 

Note  how  P and  Q are  dimensional  quantities  while  Pq,  P/-,  and  qf  are  suseeptanees. 
In  particular,  for  real  and  positive,  they  represent  surface  susceptonces  respec- 

tively “seen”  looking  into  an  air,  dielectric,  or  ferrite  semispace.  The  nice  feature  about 
casting  the  determinantal  equation  in  the  form  of  Eq.  (171)  is  that  the  left-hand  side 
contains  only  quantities  that  refer  to  the  dielectric  slab,  while  the  right-hand  side  is 
relative  to  the  ferrite  stab.  Thus  the  two  particular  cases  of  a dielectric  or  a ferrite  slab 
in  free  space  can  be  recovered  by  letting  It'  -♦  0 or  0 -»•  0 to  obtain 


1 +/’exp(2/v'^.rf0)  wpo 

lPexp(2fc^0)- l]pj 


(178) 


cjpQ  1 Q exp(-  2k^fW) 

a,,  qf^PfQeKp(-2k^fW)  ' ' ' 

which  are  the  correct  characteristic  equations  appropriate  to  the  two  special  cases  under 
consideration. 

A solution  of  Kq.  (171)  is  obviously  possible  only  by  computer  for  some  numerical 
cases  of  interest.  Here  we  wish  to  concentrate  on  the  effect  of  a high-dielectric-constant 
layer  on  the  propagation  characteristics  of  the  surface  modes  of  the  ferrite  slali.  The 
diagram  of  Fig.  34  represents  the  dispersion  curves  relative  to  a l-mm-thick  rutile  (e„,  = 
45)  layer  backing  a 4-mm  YIG  slab.  A number  of  interesting  features  are  present  here. 
They  (;an  be  better  appreciated  upon  comparison  to  the  single-slab  ca.se  (dotted  lines). 

Let  us  start  by  considering  the  modified  magnetostatic  modes.  One  notices  that  the 
Py  < 0 branch  has  been  shifted  toward  higher  values  of  p^.  and  extends  conqiletely  in  the 
S/S^  region  labeled  (3)  in  Fig.  33.  The  py  > 0 branch,  on  the  other  hand,  has  been 
“split”  by  the  oblique  dispersion  curve  relative  to  the  'I'E^,  mode  m the  dielectric  slab. 
Such  a “splitting”  phenomenon  is  indicative  of  a weak  coupling  between  the  above  two 
modes.  The  “weakness”  of  the  coupling  is  indicatr-d  by  the  small  distance  that  separaU's 
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Fig.  34  — Dispersion  curves  for  a YIG  slab  (W’  = 4 mm)  backed  by  a 
rutile  slab  {e^  = 45)  1 mm  thick 


branch  (1)  from  branch  (2)  and  is  justified  on  a physical  basis  by  the  fact  that  the 
modified  magnetostatic  mode  is  essentially  guided  by  the  interface  at  a + IV,  which  is 
opposite  to  the  loaded  side  x = a.  Obviously,  just  the  opposite  is  true  for  the  < 0 
branch,  which  is  relative  to  a modified  magnetostatic  mode  concentrated  at  the  x = a 
interface. 

Let  us  consider  the  magnetodynamic  branches.  On  the  (3^  > 0 side,  the  magneto- 
dynamic branch  of  the  unbacked  ferrite  slab  is  replaced  by  the  TEy  dielectric  mode 
branch,  while  for  (3y  < 0 it  just  coincides  with  the  magnetodynamic  branch  of  the  single 
slab  for  large  values  of  (i.e.,  close  to  the  lower  cutoff)  and,  as  it  gets  closer  to  the 
= 0 line  (i.e.,  the  transversal  decay  rate  decreases),  it  transforms  into  the  TEy  disper- 
sion curve  of  the  isotropic  dielectric  slab.  Figure  35  shows  the  calculated  e^(x)  at  points 
A and  C and  compares  it  to  that  relative  to  points  B and  B’  (upper  cutoff  point  for  the 
dynamic  mode  in  the  single  slab).  These  diagrams  clearly  indicate  that  a considerable 
TFDE  is  still  present  at  the  upper  cutoff  frequency  of  the  magnetodynamic  mode  in  the 
unbacked  ferrite  slab.  This  is  equivalent  to  saying  that  the  magnetodynamic  mode  pass- 
band  has  been  enlarged.  How  much?  The  answer  to  this  question  can  be  given  only  by 
calculating  6^(3:)  at  increasing  frequencies.  At  high  frequencies  Meff  and  since 

» e^,  the  electromagnetic  field  tends  to  become  more  and  more  concentrated  with- 
in the  dielectric,  while  every  nonreciprocal  effect  disappears.  Figure  36  shows  e^{x)  at 
16  GHz.  At  this  frequency,  there  is  only  a reciprocal  TFDE. 
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CIRCULATING  WAVES 
Analysis  of  z-Independent  Modes 

In  passing  from  a ferrite  semispace  bounded  by  a perfect  magnetic  wall  to  a ferrite 
slab  between  two  perfect  magnetic  walls,  as  we  have  seen,  the  unidirectional  surface  waves 
transformed  into  surface  modes  displaying  a nonreciprocal  TFDE.  [9,  22,  23) 

Here  we  want  to  see  what  happens  to  the  z-independcnt  unidirectional  surface  waves 
of  the  ferrite  semispace  shown  in  Fig.  la  when  guiding  surface  X = 0 is  curved  in  the 
jc,  y plane  either  toward  the  fernte  region  (convex  surface;  see  Fig.  37b)  or  toward  the 
outer  medium  (concave  surface;  .see  Fig.  37c). 

Consider  an  unbounded  ferrite  medium,  saturated  along  the  z-axis  by  DC  magnetic 
field  Hq.  Let  us  refer  it  to  a system  of  cylindrical  coordinates,  r,  0,  z.  Ra.sed  on  Maxwell’s 
equations,  the  z-independent  TM^  modes  have  hn  given  by 

r)4 
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L de^  M2  K\  . 

'•'''[Tie  -'7:7  37 j'"""'-"* 

/ de^  M2  9eA 


(180) 

(181) 


and  satisfies  the  wave  equation 


1 


1 


r 9r  ,2  3^2  0 7 ett  z 


(182) 


If  we  assume  a 0-dependence  of  the  type  exp(+  jn6),  and  let  fl^c^Meff  = Pr^  ^0-  (182) 
will  reduce  to 


a^e 


ar^ 


1 / 

7^ 


e,  = 0. 


(183) 


Solutions  of  Eq.  (183)  are  appropriate  respectively  to  the  convex  and  concave  geome- 
tries of  Figs.  37b  Eind  c are  shown  in  Table  2.  In  this  table,  one  recognizes  that 


• When  Meff  < 0.  ^zi^)  is  represented  by  the  modified  Bessel’s  functions  and  no 
special  condition  exists  that  limits  the  allowable  values  of  the  radial  wavenumber  P^  and 
the  azimuthal  index  n. 

• In  the  concave  structure,  e^(r)  is  described  by  a Hankel’s  function  of  the  second 
kind,  which  represents  a radially  outgoing  wave  at  r -*•  00.  Under  these  circumstances,  the 
surface  wave  radiates  energy  as  it  travels  along  the  guiding  surface.  This  means  that  one 


Table  2 — Possible  Functional  Forms  of  e^(r) 


Meff 

Existence 

Conditions 

Concave 

e,(r)=/l//(2)()3,r) 

Meff  > 0 

n = n'  + jn" 

n « n 

e^(r^)  = AKnia^r) 

Meff  < 0 

R 

II 

Convex 

e^(r^)  = AJ„(Prr) 

Meff  > 0 

Pr^«Pnl 

Alja^r) 

Meff  < 0 

Q 

II 
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Fig.  38  — Schematic  of  a surface  wave  on  a convex 
circular  cylindrical  surface  ‘ 


can  still  speak  of  a guided  surface  wave  only  if  the  imaginary  part  of  the  azimuthal  index 
n"  is  much  smaller  than  the  real  part  n' . If  this  condition  is  not  satisfied,  most  of  the 
power  goes  into  the  radiation  field  and  the  azimuthal  surface  wave  propagation  is  heavily 
attenuated. 

• In  the  convex  geometry,  when  Ppff  > 0,  e^(r)  is  repre.sented  by  a Bessel’s  function  of 
the  first  kind  which  has  an  oscillatory  spatial  behavior.  However,  if  p'n\  (see  Fig.  38), 

p',jl  being  the  first  root  of  the  derivative  of  J^■^ , it  represents  a surface  wave  with  e^  max  af 
r = R and  de2{R)ldr  > 0.  When  p^R  » p/,i , e^(r)  presents  some  nodes  in  the  0 < r < R region 
and  the  field  is  appropriately  called  a higher  order  volume  wave  field.  For  P^R  = pl,^,  we 
are  in  the  presence  of  a transition  between  surface  and  volume  wave  fields.  These  defini- 
tions can  be  re-cast  in  a more  precise  manner  by  representing  the  p',j  and  p„j  loci  on  a 
P^R  vs  n coordinate  plane.  Here  p„j  is  the  first  zero  of  d„.  In  Fig.  39,  the  continuous 
line  is  defined  by  p^R  = p„j  and  represents  the  boundary  between  the  higher  order  TMm„o 
volume  modes  and  the  TonO  volume  modes.  The  dashed  line  is  defined  by  P^R  = p'„i  and 
represents  the  boundary  between  the  TMq^q  volume  modes  and  the  surface  modes.  In 
the  shaded  region  n » p^R,  surface  waves  exist  which  are  highly  peaked  at  r = R. 

As  far  as  the  sense  of  circulation  (i.e.,  the  algebraic  sign  in  front  of  JnO)  is  concerned, 
it  can  be  determined  very  easily  if  one  assumes  perfect  magnetic  wall  boundeu-y  conditions 
at  r = R.  In  fact,  under  these  circumstances,  it  can  he  related  to  the  slope  of  e^(r)  at 
r = R.  To  do  that,  let  us  recognize  that  hfi(R)  = 0,  via  Eq.  (181),  yields 


J_  ^ 

9r  R ' 


(184) 


respectively,  for  expijnO)  and  exp(-  jnO).  Now,  from  Fig.  40  one  sees  that  for  a convex 
structure 


(■)e^(R) 

ar 


> 0 


while  for  a concave  structure 


Pe^iR) 

Pr 


< 0 
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Therefore,  one  finds  that 


convex 


concave 
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^2 

— >0 


^2 

— <0 


A<2 

— >0 


— <0 


exp(  jnO ) 

exp(-y>iy) 

exp(-ynO) 

exp(jnO). 


If,  instead  of  a perfect  magnetic  wall  at  r = R,  one  assumes  that  the  outer  medium 
is  air,  the  reasoning  is  slightly  more  complicated  and  one  has  to  solve  the  exact  boundary 
value  problem.  Under  these  circumstances,  the  fields  in  air  may  be  derived  from 


e^^(r)  = BKJ^Qr)  (convex,  r >/? ) (185) 

e^a(r)  = B/„((3o'')  (concave,  r </? ) (186) 

and  in  particular  are  obtained  from  Eqs.  (181)  and  (182)  by  letting  1X2  = 0, 

^eff  = 1- 


The  boundary  condition  to  be  imposed  is  now  the  continuity  of  at  r = R. 

When  this  is  done,  the  results  of  Table  3 are  obtained.  Here  the  upper  and  lower 
algebraic  sign  in  front  of  n are  respectively  appropriate  to  the  expijnd)  and  exp(-  jnO) 
cases.  Note  that  for  the  concave  case,  when  ju^ff  > 0,  n is  a complex  quantity.  For  this 
reason,  this  case  will  be  treated  separately.  For  all  the  other  cases,  one  can  infer  the 
allowed  sense  of  circulation  from  the  analytical  properties  of  the  ratios 

^>X)  4(^  , I’ntX) 

K„(X)  ' ^^„(.Y)  ’ 'S„(X)  ■ 

More  specifically,  it  is  sufficient  to  recognize  that  the  first  and  the  last  ratios  are  respec- 
tively negative  and  positive  quantities  while  .Y(J,',(X)/-/„(X))  is  positive  for  surface  waves 
(see  Fig.  38).  The  results  of  this  type  of  analysis  arc  reported  in  Table  4 and  summarized 
as  follows; 

• For  a concave  geometry,  when  Pppp  < 0,  counterclockwise  propagation  is  always 
possible  while  clockwise  propagation  with  Qxp(jnO)  is  possible  only  if 

ffl  <) 

iMofflf  7-  • 

‘n 
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Table  3 — Characteristic  Equations  for  Circulating  Waves 


Table  4 — Allowed  Proj)agation  Senses  and  Existence  Conditions  for  Circulating  Waves 


PIETRO  de  SANTIS 


• In  a convex  geometry,  when  > 0,  one  has  to  distinguish  between  the  cases  of 
positive  or  negative  Po/Mi  (see  Fig.  3 for  the  frequency  regions  where  these  conditions 
are  satisfied). 

WTien  Mg/p,  > 0 (w  > Wq  + ),  only  clockwise  propagation  with  expijnd)  is 

possible  and  subject  to  the  condition 

1 '^2  L , ^''1 


WTren  < 0 the  allowed  propagation  is  counterclockwise  and  subject  to  the  same 

condition.  Note  that  when  niPg/P, ) = l^eff  ^ K/K,  the  right-hand  side  of  characteristic^ 
Eq  (189)  vanishes  and  the  solution  is  X = solution  is 

p ; i.e.,  we  are  in  the  presence  of  a transition  between  surface-wave  and  volume-wave 
fields.  At  the  transition,  the  structure  behaves  as  an  isotropic  dielectric  of  relative 
magnetic  permeability  surrounded  by  a circular  magnetic  wall  of  radius  R.  These 
results  are  summarized  in  Fig.  41. 

• In  a convex  geometry,  when  Ppff  < 0,  clockwise  propagation  is  always  possible, 
while  counterclockwise  propagation  is  only  possible  for 

K 

R„ 


Fig.  4 1 — Behavior  of  i'^(r)  in  convex  circular 
geometry  when  > 0 
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Fig.  42  — Mode  chart  for  a TMggQ  mode  in  a YIG  resonator  (diam.  3 cm) 
bounded  by  (a)  a perfect  magnetic  wall  or  (b)  by  air 


Let  US  now  consider  the  solution  of  characteristic  Eqs.  (188)  and  (190).  The  choice 
of  the  dependent  and  independent  variables  is  made  on  the  basis  of  the  specific  applica- 
tion for  each  structure.  In  general,  the  above  circular  structures  are  used  as  surface-wave 
resonators.  At  a given  applied  DC  magnetic  field  Hq,  one  observes  the  resonance  peaks 
of  the  transmission  (or  absorption)  frequency  s()ectrum.  Then  one  changes  Hq  and 
observes  how  these  peaks  shift  in  frequency.  Each  peak  corresponds  to  a particular 
surface-wave  resonance,  i.e.,  to  an  integer  value  of  azimuthal  index  n.  Therefore,  one 
piece  of  theoretical  information  that  one  would  like  to  extract  from  characteristic  Eqs. 
(188)  and  (190)  is  to  know  how  a particular  resonant  frequency  cOg  (s  = cost)  changes  as 
a function  of  Hq.  The  set  of  curves  tOg  vs  Hq  for  fixed  values  of  s is  called  the  mode 
chart  of  the  resonator  (see  Fig.  2).  Phgure  42  shows  the  theoretical  curves  obtained  for  a 
TMoeo  mode  in  a YIG  resonator  (diam.  3 cm)  bounded  by  (a)  a perfect  magnetic  wall  or 
by  (b)  air.  Note  that  for  Hq  < 4iTMg  the  ferrite  is  partially  magnetized;  therefore,  the 
tensor  in  Eqs.  (5)  and  (7)  has  been  used  in  conjunction  with  Eq.  (9).  One  interesting 
feature  of  these  curves  is  that  as  Hq  is  increased  from  zero  to  high  values,  the  resonant 
frequency  begins  by  decreasing  and  then  increases.  Such  peculiar  behavior  has  also  been 
observed  experimentally  in  microstrip  resonators  (see  Fig.  2). 
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Propagation  Along  Concave  Surfaces  Wlien  > 0 

In  the  previous  paragraph  we  have  seen  that  a surface  wave  along  a ferrite-air  inter- 
face becomes  leaky  (i.e.,  it  radiates  energy  as  it  travels)  when  the  guiding  surface  is  curved 
toward  the  outer  medium  (concave  geometry)  in  a plane  perpendicular  to  Hq  and  the 
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effective  permeability  is  positive.  Within  the  ferriU'  medium,  e^{r}  is  appropriately 
described  by  Hankel  functions  of  the  second  kind  the  index  n = n'  ^ jn  being  a 

complex  quantity  with  (n')^  > 0,  (n" )-  > 0.  If  the  radiation  losses  are  small,  the  surface 
wave  suffc'rs  a small  attenuation  in  the  azim\ithal  direction  and  can  be  regarded  as  a 
“complex”  surface  wave  in  very  much  the  same  way  as  the  complex  surface  wave  in  the 
presence  of  magnetic  losses  studied  in  pages  37  to  40. 


Let  us  now  consider  the  geometry  in  Fig.  37c  and  assume  that  a perfect  magnetic 
wall  exists  at  r = /i.  From  the  previous  section,  we  know  that  the  z-independent  T.M^ 
field  may  be  derived  from  scalar  poUmtial 
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< 7.168.  (From  Appl.  Phys.  4(2),  167- 
174  (Aug.  1974).  Used  by  permission.) 


Con.sistent  with  the  condition  n2  « let  us  now  expand  Eq.  (198)  in  the  com- 
plex n plane,  in  a Taylor  series  centered  at  rij.  Equating  real  and  imagincuy  parts,  we  get 


ni(^)  2n2fa 


•Y  p,  ’ 


nr 


1— 

>;(‘Y)]1 

1 9/1 

,,  7r.Y[y„,(X)l' 

where  use  has  been  made  of  the  VVronskian  formula 


j„(X)y;,(A')-j;,(A:)y,.(X)  = . 


Equation  (197)  via  Eq.  (193)  can  be  further  approximated  to 


1/2 


n.  Mo 

- = S2A 

-Y  Ml 


- 1 


1-1 


(199) 


(200) 
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whose  solution,  within  a first-order  approximation,  is 


/) 


1 


= '>10 


2 iio  ' 


(203) 


where  the  notation  n,;,  = (3  R has  been  used.  From  Eq.  (198),  letting 


Y'„(X) 


1/2 


( 204 ) 


one  obtains 


2 - - [y,(X)i-2 

TT 


= 


1 - 


'10 


1/2 


Equation  (205)  can  also  be  recast  in  the  form 


(205) 


n,  = n. 


10  TT 


/ , ^^2  ^2 
- 2n](,  tanh-l  T ' TT 


*1  ^1 


(206) 


The  two  quantities  = n^/R  and  /jyo  = 02/^  have  been  plotted  on  a normali/.ed 
Brillouin  diagram  in  Fig.  44  for  the  same  numerical  case  as  in  Fig,  43.  All  wave  numbers 
are  normalized  to  Wq/c^.  In  the  /jpff  > 0 region,  all  curves  are  truncated  at  a certain  fre- 
quency to  keep  them  within  the  limit  H2  « Pi-  Furthermore,  the  curves  have  been 


Fig.  44  — Dispersion  diagrams  for  leaky  surface  waves  propagating 
along  the  r ft  surface  of  the  structure  shown  in  Fig.  .37c.  (From 
Appl  Phys.  4(2),  167-ri4  (Aug.  1974).  U.sed  by  permission.) 
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extended  into  the  Mgff  < 0 region.  Here  they  have  been  calculated  by  replacing  the 
functions  (see  the  left-hand  side  of  Eq.  (188))  either  by  their  large-argument  approxima- 
tions (for  CO  close  to  -y/l  -h  cj^  ) or  by  their  small-argument  approximations  (for  co  close 
to  1 + co^ ).  The  two  portions  of  the  curve  relative  to  these  approximations  have  been 
subsequently  connected  to  each  other  and  to  the  curve  in  the  > 0 region. 

FRINGING  FIELD  EFFECTS 

Relation  of  Surface  and  Edge-Guided  Waves 

In  the  previous  paragraph  guided-wave  propagation  was  studied  in  dielectric  structures 
separated  from  the  outside  medium  by  either  plane  or  curved  surfaces  (see  Fig.  45a). 

Here  we  want  to  show  that  the  results  of  the  previous  paragraphs  are  also  useful  for 
somewhat  different  guiding  structures  wherein  the  guiding  effect  is  performed  by  an  edge 
rather  than  by  a surface. 

More  specifically,  we  refer  to  a microwave  integrated  circuit  (MIC),  wherein  the  edge 
of  the  RF  conductor  is  responsible  for  guiding  the  electromagnetic  wave  (see  Fig.  45b). 
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Fig.  45  — Relationship  of  surface  waves  and  edge-guided  waves 
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If  one  looks  at  Fig.  45a  and  45b,  one  can  hardly  recognize  any  similarity  between 
these  two  structures.  If,  however,  one  looks  at  the  possible  types  of  analysis  applicable 
to  the  two  cases  and  recognizes  that  a transversal  resonance  technique  is  appropriat*’  in 
both  cases,  one  appreciates  that  the  only  difference  between  the  two  cases  is  the  replace- 
ment of  surface  impedance  Z,  with  edge  impedance  Z^,.  Once  this  replacement  is  made, 
the  same  formulas  should  apply  in  both  cases. 

Obviously,  the  main  difficulty  is  the  evaluation  of  edge  impedance  Zg.  Is  it  a well 
behaved  and  easy-to-compute  or  easy-to-measure  function  of  such  parameters  as  the 
applied  DC  magnetic  field,  the  operation  frequency,  and  the  height  of  the  MIC  line?  The 
answer  is  yes  if  is  suitably  normalized.  It  turns  out  that  a suitable  normalizing  quantity 
is  Zjj.  Therefore,  let  us  introduce  a dimensional  parameter  p = Zg/Zg  and  call  it  the 
fringing  field  parameter.  In  the  following  section,  it  will  be  shown  how  the  use  of  p 
allows  one  to  apply  the  surface-wave  theory  to  an  edge-guided  wave  structure. 

'IVansversal  Resonance  Technique:  Rectilinear  Case 

Let  us  apply  transverse  resonance  techniques  to  the  structure  of  Fig.  45a.  Let  us 
considci  TM,  surface-wave  fields.  .At  x = 0,  wave  impedance  Zf  looking  toward  x = - oo, 
plus  wave  impedance  Zg  looking  toward  x = + '»,  must  equal  zero;  i.e., 

Zf  + Zg  = 0,  atx  = 0.  (207) 

This  is  equiviilent  to 


namely  (see  Kqs.  (75)  and  (76)), 

1 

Zr-  — l-’v  1 

' wPoi'eff  V ' Ml  7 WMo 

This  is  the  result  relative  to  the  surface-wave  structure,  f’or  the  edge-guided  wave  struc- 
ture, let  us  replace  Zg  by  z^  = pZg  so  that  the  characteristic  F^q.  (209)  becomes 

^2 

+ PMeff  a.vfl  = 0-  <210) 

M] 

This  equation  can  be  plotted  on  a Brillouin  diagram  oj  vs  (3.,,  with  p varx'ing  between  0 
and  1.  Note  that  p = 0 corresponds  to  the  situation  of  a perfect  magnetic  wall  and  p = 1 
to  a surface  wave  structure.  The  results  are  reported  in  Figs.  46-48  for  Hq  = 2,  3,  4 kOe, 
respectively  (24,25). 


e^O") 


^,(0-)  h^(0*)  ’ 


(208) 
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100  160  200  250  300  360  400  450  /?>  On 

Fig.  46  — Dispersion  curves  calculated  from  Eq.  (208)  with  = 1780  Oe  and 

//q  = 2000  Oe.  Data  points  refer  to  the  EGW  resonators  shown  in  the  insert  of  Fig. 
47.  (From  P.  de  Santis,  /EEo  Trans.  MTT-24(7),  409-415  (July  1976).  Used  with 
permission.) 


150  200  250  300  350  400  450  600  /I.  Im  ’l 


Fig.  47  — Dispersion  curves  calculated  from  Eq.  (208)  with  47r.1/,  = 1780  Oe  and 
//p  = 3000  Oe.  (From  P.  db  Santis,  IEEE  Trans.  MTT-24(7),  409-415  (July  1976). 
Used  with  permis.sion. ) 
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48  — Dispersion  curves  calculated  from  Eq.  (208)  with  4tiM^  ~ 
1780  Oe  and  Hq  = 4000  Oe.  (From  P.  de  Santis,  IEEE  Trans. 
MTT-24(7).  409  415  (July  1976).  Used  with  permission.) 


Determination  of  the  Fringing  Field  Parameter 

To  determine  the  numerical  values  of  p appropriate  to  an  MIC  edge-guided  wave 
circuit,  we  measured  the  transmission  spectrum  of  the  edge-guided  resonators  shown  in 
the  insert  of  Fig.  47.  The  physical  characteristics  of  these  arc  reported  in  Table  5. 
Assuming  the  periphery  of  the  resonator  to  be  of  length  L,  the  resonances  ojg  occur  at 

^ s=  1,2.3...,  (211) 

assuming  negligible  curvature  effects.  'Fhe  corresponding  values  of  frequency  and 
wavenumber  g were  reported  in  the  diagrams  of  Figs.  46  and  48.  The  shaded  areas 
indicate  the  regions  where  the  experimental  data  points  fall.  From  these  results,  it  turns 
out  that  a value  of  p = 0.5  is  a good  approximate  value  for  2 < Hq  < 4 kOe. 


Radial  Resonance  Technique:  Circular  Case 

We  have  just  considered  MIC  disk  resonators  and  assumed  their  radius  R to  be  so 
large  as  to  neglect  curvature  effects.  Curvature,  however,  can  be  taken  into  account  if 
one  uses  “radial”  resonance  techniques  [23]  instead  of  the  usual  transversal  resonance 
techniques. 

Let  us  consider  a radial  transmission  line  characterized  by  radial  wavenumber  (3^  = 
and  characteristic  impedance 
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'I'abli-  5 — Geoniotrical  Gharai  U-ristics  of  tho  K(J\V 
Resonators  Shown  in  the  Insert  of  P'ig.  47 


Typo  of  Rosonator 

/i* 

— 

R 

AA', 

(rad/m) 

(1)  Disk 

15 

66.66 

(2)  Circular  hole 

15 

66.66 

(3)  Rectilinear  + circular 

10 

15 

54.99 

(4)  Rectilinear  + circular 

- - - - - 

20 

. 

10 



61.09 

*AII  lengths  are  in  nanomolers. 

Note.  From  left  to  ris;ht,  the  vertical  columns  inciicate 
( 1 ) the  lentttli  of  the  rectilinear  portion;  (2)  the  curvature 
radius  of  the  circular  edj>e;  (3)  AKy  = 27?//.,  the  increase  in 
lon)iltudinal  wavenumber  between  two  successive  resonances. 
/.  is  the  total  length  of  the  guiding  edge. 


2nr^h„f{r)  ’ 


(212) 


where  e^^(r)  ^ for  Mpff  > 0 or  * I„{(5yr)  for  /tpff  < 0,  and  h(,f  is  given  by  Eq.  (181). 

This  transmission  line  extends  inside  the  ferrite  medium  for  0 < r < R and  at  r = R joins 
another  transmission  line  characterized  by 


and 

2TrHi^Jr)  ’ 


(213) 

(214) 


where  c^Jr)  ^ KnfPo’’)  and  is  defined  by  Eq.  (181)  with  /i2  = 0-  The  latter  trans- 
mission line  extends  in  air  for  7?  < r < oo. 

Let  us  now  impose  the  following  resonance  connection  at  r = R: 

to  obtain 

•^;,(^Y)  <(f) 


Equation  (216)  with  0 < p < 1 is  the  characteristic  equation  for  edge-guided  waves 
in  a disl<  resonator.  For  p = 1,  it  coincides  wtth  Eq.  (189)  and  represents  surface-wave 
propagation.  For  p = 0,  the  perfect  magnetic  wall  ctise  is  recovered.  Eqiuition  (214)  can 
now  be  plotted  its  a mode  chart  as  in  Fig.  42.  Figure  49  rejiresents  the  diagrams  of 
F ig.  42  comi)leted  with  the  0 <i  p < 1 cases.  Also,  in  this  casi , the  actual  value  of  p can  be 
determined  by  su()erimt)osing  the  experimental  points  on  the  theoretical  results. 


(215) 


(216) 
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Fit<.  19  — Mcxie  chart  for  modes  in  a disk  resonator  (diam.  3 cm)  for  0 < p < 1.  Circles 

indjcate  experimental  points.  (From  P.  de  Santis,  IEEE  Trans.  MTT-25(5),  360-367  (May  1977). 
Used  with  permission.) 


In  Fig.  49,  wo  have  roporied  the  Wf,  resonant  frequency  a,s  a function  of  Uq.  P’rom 
this  figure  it  is  apparent  that  for  //q  > 47riV/,,  p = 0.4  is  a good  aiiproximation,  while  for 
the  unsaturated  region  0.5  < p < 1.  If  one  aitplies  this  procedure  to  n = 1,  2,  ...,  8,  the 
results  of  Fig.  50  are  obtained.  From  P'ig.  50,  one  recognizes  that  for  a saturated  ferrite 
p 0.5  for  X-band  operation  and  p ^ 0.35  for  C4)and  operation. 


CONCLUSIONS 

The  theory  underlying  KOW  propagation  has  been  presented.  It  has  been  .shown  that 
/-independent,  unidirectional  surface  waves  may  propagate  along  a ferrite  scmispace 
bounded  by  a perfect  magnetic  wall  over  a frequency  band  that  extends  from  zero  to 
infinity.  If  onc'  recognizes  that  a perfect  magnetic  wall  boundary’  condition  is  approxi- 
mately satisfied  at  the  edge  of  the  RF  conductor  in  a ferrite  stripline  or  microstrip  circuit, 
one  may  understand  why  very  large  bandwidths  are  predicted  for  FlGWs. 

In  practice,  at  least  two  factors  limit  such  a large  bandwidth:  magnetic  losses  at  the 
low-frequency  end  and  higher  onlc'r  mode  excitation  at  the  high-frequency  end  of  pass- 
bands. 


71 


r 


0.1 


0 


PERFECT  MAGNETIC  WALL  BOUNDARY  CONDITION 

i t t -+-  + t- -T -t ^ 

0.5  1 1.5  ’.78  2 2.5  3 3.5 

H„  (kOe) 


F'iy.  .‘>0  — Numenciil  valuc.s  ol'p  as  calculated  Trom  diagrams  oT  the  type  shown  in  F'it;.  19. 
(Krom  I’,  de  Santis,  UiEF.  Trans.  MTT-25(.T),  360-.'j(>7  (May  1977).  I'.sed  with  permission.  I 


Both  limitations  were  analyzed.  While  the  former  can  be  overeomt'  by  u.se  of  better 
quality  ferrites,  the  latter  is  strictly  dependent  on  the  finite  reactance  existing  at  the  edge. 
Dielectrie  loading  of  the  edge  is  a means  of  increasing  stich  a reactance  and  a|)proaching 
the  perfect  magnetic  vvttll  situation. 

Curvature  and  fringing  field  effects  introduce  additional  problems  In  the  practical 
realization  of  EGW  devices.  In  particular,  a curved  edge  supjiorts  leaky  modes  when  the 
curvature  is  concave  and  > 0 inside  the  ferrite. 

Fringing  field  effects  are  of  importance  in  microstriii  structures  and  in  general  ar(> 
difficult  to  evaluate.  A semiempirical  technique  was  (iresented  to  predict  the  effect  of 
fringing  fields  on  the  EGW  dispersion  curves.  A fringing  field  parameter  p was  introduced, 
and  it  was  found  that  a numerical  value  of  0.5  0.4  was  suitable  for  most  cases  of 

interest.  If  the  applied  DC  magnetic  field  points  in  the  direction  of  the  coordinate  z-axis, 
the  electromagnetic  field  associated  with  an  EGW  is  z-indefiendent.  However,  it  was 
shown  that  higher  order  z-dependent  fields  may  exist.  These  fields  may  b(>  ( ffectively 
suppressed  by  proper  choice  of  the  ferrite’s  thickness. 

The  above  results  provide  a deeper  physical  insight  into  the  nature  of  EGWs  and  are 
of  great  help  In  designing  practical  EGW  devices. 


72 


r 


Mil.  HKPOHT  Hir,H 

RKFKKENCES 

1.  “I'eripheral  Mode  Isolator  Operates  From  .'1,5  to  11  OHz,”  Microwaves  «(-!),  (j  l-efj 
(Apr.  1969). 

2.  M.  E.  Hines,  “Recii)rocal  and  Nonreciproeal  .Modes  of  Propagation  in  Ferrite  Strip 
Line  and  Microstrip  Devices,” /FEE  Trans.  .MTT-19(5),  442-451  (.May  1971). 

3.  B.  Chiron,  O,  Forterre,  and  C.  Rannou,  “.Vouveaii.x  Dispositifs  non  Reciproques  a 
tres  Grande  Liirgeur  de  Bande  IJtilisant  d(‘s  Ondes  de  Surface  Electromagnetiques,” 
Onde  Klectrique  51(9),  816-818  (Oct.  1971). 

4.  M.  Blanc,  L.  Dusson,  and  J.  Guidevau.x,  “Etude  de  la  Function  Isolation  a Tres  Large 
Bande  L'tilisant  des  Materiau.x  Ferrites,”  paiier  presented  at  the  Premier  Seminain' 
International  sur  les  Dis|)ositifs  Hvperfrequencies  a Ferrite,  Toulouse,  .Mar.  27-30 
1972. 

5.  P.  de  Santis  and  F.  Pucci,  “The  Edge  Guidt'd  Wave  Circulator,”  IEEE  Trans  ,MTT-23, 
516-519  (June  1975). 

6.  P.  de  Santis  and  F.  Pucci,  “Symmetrical  Four-Port  Edge-Guided  Wave  Circulators,” 
IEEE  Trans.  .\m'-24(l),  10-18  (Jan.  1976). 

7.  M.  E.  Hines,  “Ferrite  Pliase  Shifters  and  Multiport  Circulators  in  Microstri))  and  Strip 
Line,”  IEEE  O-MT'I'  1971,  International  .Microwave  Symposium,  Washington,  D.C., 
.May  16-19,  Digest  of  Papers,  p.  108-109. 

8.  M.  E.  Hines,  “A  .New  Microstrip  Lsolator  and  Its  Application  to  Distributed  Diode 
.\mi)lification,”  IEEE  G-MT'l’  1970,  International  Microwave  Symposium,  Newport 
Beach,  Calif.,  May  11-14,  Digest  of  Papers,  p.  304-307. 

9.  P.  de  Santis,  “Edge-Guided  Modes  in  Ferrite  .Microstrip  With  Curved  Edges,”  .■\ppl. 
Phys.  (Springer-Verlag,  Berlin),  4(2),  167-174  (Aug.  1974). 

10.  P.  de  Santis  and  R.  Roveda,  “Magnetodynamic  Boundary’  Waves,”  Proc.  1971 
European  Microwave  Conference,  Stockholm,  .Aug.  23-28,  )).  C5/2: l-C5/2:4. 

11.  L.  Courtois,  G.  Dedercq,  and  M.  Peurichard,  “On  the  Nonrecijirocal  Aspect  of 
Gyromagnetic  Surfaces  Waves,”  Proc.  Seventh  Annual  Conference  on  .Magnetism  and 
Magnetic  .Materials,  Chicago,  Nov.  16-19,  1971,  part.  2,  )>.  1541-1545  (American 
Institute  of  Physics,  1972). 

12.  P.  de  Santis,  “Dispersion  Characteristics  for  a Ferrimagnetic  Plate,”  Appl.  Phys. 
(Springer-Verlag,  Berlin),  2,  197-200  (Dec.  1973). 

13.  P.  de  Santis,  “Edge  Guided  Waves  Five  Years  Later,”  invited  pajier  at  the  IEEE 
MTT-S  International  Microwave  Symposium,  June  1976,  Cherry  Hill,  N.J.,  Digest  of 
Papers,  p.  248-250. 

14.  D.  M.  Bolle  and  L.  Lewin,  “Definition  of  Parameters  in  Ferrite-Electromagnetic  Wavi 
Interactions,”  IEEE  Trans.  MTT-21,  118  (Feb.  1973). 

15.  B.  Lax  and  K.  J.  Button,  Microwave  Eerrite  and  Ecrrimagnctics,  McGraw-Hill  Book 
Co.,  New  York,  1962. 

16.  J.  J.  Green  and  F.  Sandy,  “Microwave  Characterization  of  Partially  Magnetized 
Ferrites  and  a Catalogue  of  Low  Power  Lo.ss  Parameters  and  High  Power  Thresholds 
for  Partially  .Magnetized  Ferrites,”  IEEE  Trans.  MTT-22,  641-651  (1974). 


73 


PIETRO  dc  SANTIS 


17.  T.  Miura  and  7 . Ilashimoto,  CJommcnts  on  “A  New  (,'oncept  for  BroadbandinK  ••hP 
Ferrite  Substrate  C'ireular  Based  on  Experimental  Modal  Analysis,”  IEEE  Trans. 
.\nT-21.  71-7-4,  (Jan.  1974). 

18.  E.  Schloeman,  “Mierovvave  Behavior  of  Bartially  Magnetized  Ferrites,”  J.  Appl.  Phys. 
41(1),  204-214  (Jan.  1970). 

19.  L.  Courtois,  B.  Chiron,  and  (1.  Forterre,  ‘‘f^nipagation  dans  une  L.-ime  de  F'errite 
Aimantee.  Application  ii  de  Nouveaux  De|)ositif.s  non  Recii)roques  a Barge  Bande,” 
Cables  & Trans.  27(4),  410-435  (f)ct.  1973). 

20.  (1.  Cortucci  and  1’.  de  Santis,  “Edge-Guided  Waves  in  Lossy  Ferrite  Microstrips,” 

Proc.  197.3  European  .Microwave  Conference,  Brussels,  Sept.  4-7,  vol.  2,  )).  B.9-1. 

21.  L.  Courtois,  “Propagation  Oblique  des  Ondes  Electromagneticiues  dans  un  Lame  de 
Ferrite  .-Ximante  Parallelment  a ses  P’aces,”  Electron.  Fis.  Apli.  16(2),  286-294  (1973). 

22.  P.  de  Santis,  “Existence  Regions  for  Edge  Guided  Waves  in  .MIC  Structures,”  Proc. 
Sixth  European  Microicavc  Conference,  Rome,  Sept.  14-16,  1976,  p.  571-575. 

23.  P.  d(‘  Santis,  “lligh-Azimuthal-lndex  Resonances  in  Ferrite  .MIC  Disk  Resonators,” 
IEEE  Trans.  .MlT-25(5).  360-367  (.May  1977). 

24.  G.  Cortucci  and  P.  de  Santis,  “Fringing  Field  Effects  in  Edge  Guided  Wave  Circuits,” 
Proc.  Fifth  European  Microwave  Conference,  Hamburg,  Sei)t.  1-4,  1975,  p.  283-287. 

25.  P.  de  Santis,  “Fringing  Field-Effects  in  Edge  Guided  Wave  Devices,”  IEEE  Trans 
M'IT-24(7),  409-415  (July  1976). 


GENERAL  BIBLIOGRAPHY:  EDGE-GCIDED  WAVES 

Anderson,  R.,  “Gyromagnetic  Device  Having  a Plurality  of  Outwardly  Narrowing  Tapenng 
.Members.”  l.LS.  Patent  3,555,459.  Jan.  12,  1971. 

.\raki,  K.,  T.  Koyama,  and  Y.  Naito,  “A  .Nevv  Tyi)e  of  Isolator  Losing  the  Fldge-Guided 
Mode,”  IEEE  Trans.  MTT-23,  321  (May  1975). 

.•\raki,  K.,  T.  Koyama,  and  Y.  Naito,  “New  Edge  Guided  Mode  Devices,”  1975  IEEE 

MT'l’-S  Intemationid  Microwave  Symposium.  Palo  .\lto,  C’alif.,  .Mav  1975.  Digest  of 
Papers,  p.  250-253. 

.■\raki,  K.,  T.  Koyama,  and  Y.  .Naito,  “Reflection  Problems  in  a Ferrite  Stn|)line,”  IEEE 
Trans.  M'IT-24(8),  491-498  (Aug.  1976). 

.\raki,  K,  and  Y.  Naito,  “Field  Distribution  of  a New  Tyjie  of  Edge  Guided  Mode 

Isolator,”  1976  IEEE  MTT-S  lnternation;U  .Microwave  Symposium,  Cherry  Hill,  N.J., 
June  1976,  Digest  of  Papers,  p.  254-256. 

Blanc,  M.;  L.  Dusson;  and  J.  Guidevaux,  “Etudes  de  Dis|)o.sitifs  non  Recit'rofiues  a Ferrite 
a Tres  Large  Bande:  Pn-mien's  Realisations,”  Revue  Tech.  Thomson-CSF  4(1). 

27-48  (Mar.  1972). 

Bolle.  1).  M.,  “The  Edge  Guided  Mode  on  Ferrite  Loaded  Stnpline,”  1976  IEEE  .MTT-S 
International  Microwave  Symiiosium,  Cherry  Hill,  N..).,  June  1976,  Digest  of  Papers. 
p.  2,57-2.59. 

Bolle,  D.  M.,  “The  Peniiheral  or  Edge  Guided  Modes  in  the  Inhomogeneously  and 

Homogeneously  Ferrite  Loaded  Striplin<>,  Proc.  Sixth  European  Microwave  ('onfercnce. 
Rome,  Sept.  1976,  p.  560-, 564. 


NltL  RKPORT  H15S 


r 


Boll<‘,  0.  M.,  “'I'lio  Modal  Spectrum  of  Kerrite  Loaded  U'avettuide,”  l‘)77  lulernalional 
Microwave  Symposium,  Sati  Die^o,  t'aiif.,  .June  lil-2d.  1977,  Dt^est  of  l^apcrs. 
p.  519-522. 

(7iiron,  B.,  and  (1.  Forterre,  “Kmploi  des  .Modes  de  Surface  Kleclromat>neti(|Ues  pour  la 
Realisation  de  Dispositifs  (lyromaRnetiques  a I’res  (Irande  Larfteur  de  Bandic  " paper 
|)resented  at  the  I’remier  Seminaire  International  sur  les  I iispositif.s  I lyperfrei|uences 
a Ferrite,  'roulouse.  Mar.  27-dO,  1972. 

Courtois,  L.,  N.  B(‘rnard,  B.  Chiron,  and  (1.  Fourterre,  “.A  .New  Kdjie-.Mode  Isolator  in  the 
IJIIF  Range,”  paper  presented  at  the  1971  IFFF  .Nl'l'l'-S  International  .Microwave 
Symposium,  .Atlanta,  (la.,  .June  12-11.  1971. 

Courtois,  L.,  N.  Bi'rnard,  B.  Chiron,  and  (1.  F.  Fourterre,  “.\  .New  F.dge-Mode  Isolator  in 
thi'  Very  High  Fre((uency  Range,” /FFT-.’  7V«/i.s.  .Mr'r-21(dl,  129-125  i.Mar.  H)7t)). 

Courtois,  L.,  (1.  Forterre,  and  B.  Chiron,  “Improvement  in  Broad  Band  Ferrite  Isolators," 
/-Voc.  1974  AlP  Conference  on  Magnetism  and  Magnetic  Materials.  American  Institute 
of  Physics.  Nt'w  York,  1975,  p.  501-502. 

Courtois,  L.,  (1.  Forterri',  and  J.  .Marcoux,  “.A  .Multi-dclave  Fdgi'  .Mode  .Nonreciprocal 
Phase  Shifter,”  Proc.  Secenth  Kiiropcan  Microwave  Conference.  Copenhagen.  Se|)t. 
5-8,  1977,  paper  PCM. 

de  Santis,  P.,  “Edge  (luidetl  Wave  Ht'vices  and  Related  Topics,”  Proc  International  Con- 
ference on  Magnetism  (LWERMAOj.  London,  .Apr.  11-17,  1975,  p.  9-0. 

de  Santis,  P.,  and  D.  M.  BolU',  “The  Edge  (luided  Mode.”  lEPP  Trans.  .M.\Ci-l  llO).  922 
(.May  1975). 

de  Santis,  P.,  and  F.  Pucci,  “Experiments  on  the  Optimization  of  a Novel  M.l.C.  Sym- 
metrical Three-Port  Circulator,”  IEEE  (1-MTT  1972  International  Microwavt'  Sym- 
posium, Chicago,  111.,  Digest  of  Papers,  p.  228-240. 

de  Santis,  P.,  and  F.  Pucci,  “Novel  'Type  of  -M  I.C.  Symmetrical  Three-Port  Circulator.” 
Electron.  Let.  8,  12-12  (Jan.  12,  1972). 

Dydyk,  K.,  “Edge-Cuide:  One  Path  to  Wideband  Isolator  Design  (Part  ll.”  Microwaves 
16(1),  51-58  (Jan.  1977). 

Dydyk,  M.,  “Edge-Ouide;  One  Path  to  Wideband  Isolator  Design  (Part  ID.”  .'dicrowaves 
16(2),  50-,56  (Feb.  1977). 

Forterre,  O.,  B.  Chiron,  and  L.  Courtois,  “.A  Survey  of  Broad  Band  Striiiline  Ferrite 
Isolators,”  IEEE  Trans.  MAC.-ll,  1279-1281  (Sept.  1975). 

Forterre,  O.,  J.  Marcoux,  and  L.  Courtois,  “Theoretical  and  Kx)H'rimental  Study  of  Loss 
Parameters  and  High  Order  Modes  in  (ISEL  Devices,”  Proc.  Si.xth  European  .Micro- 
wave  Conference.  Rome,  Sept.  1976,  p.  565-570. 

Ourevich,  A.  O.,  Eerrites  at  Microwave  Ereqiiencies.  Consultants  Bureau,  New  York,  1962, 
I).  11,5-119. 

Hines,  M.  E.,  “F'errite  'Transmission  Devices  Using  the  Edgi’-Ouided  Mode  of  Propagation,” 
IEEE  O-MTT  1972  International  Microwave  Symiiosium.  Chicago.  111..  Digest  of 
Papers,  p.  226-227. 

Noguchi,  T.,  “.New  Edge-Ouitled  Mode  Isolator  Using  Fc'rromagnetic  Resonance  Absorp- 
tion,”/EEE  Trans.  .MrT-2.5(2l.  100-1 06  ( Fdi,  1977), 

.Noguchi,  T.,  Y.  .Akaiwa,  and  H.  Katoh,  “New  Edge-Cuided  Mode  Isolator  Using  Ferro- 
magnetic Resonance  .Absorption.”  Electron.  Let  10,  501-502  (.Nov.  1971). 

Noguchi,  T.,  and  H.  Katoh,  “New  Edge-Cuided  Modi'  Isolator  Using  Fenomagnetic 

Resonance  .Absor|ition,”  1976  IEEE  MT'T-.S  International  Microwave  Symposium, 
Cherry  Hill,  N.J.,  June  1976,  Digest  of  Papers,  p.  251-252. 

F’uyhaubert.  J.,  “Visualisation  des  Ondes  f'.ler  tromagneliques  Hyperfri'iiueiice  a I'.Aide  des 
Cristaux  Lif|uides,”  (hide  Pdect.  52(5),  212-217  (May  1972). 


«US  GOVtRNMtNT  PRINTING  Of'Cl  > 


J I 


i-  I 

DATE 

FILMED 


